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NOTICE 

This is J"OUr copy of the la.test edition of "Handbook of Piezo Electric 

CrJ"Sta.ls for Radio Equipment Designers" prepared by Philco for the Air Force 

as a WADC Technical Report. The Report WADC TR-56-156 covers material consid

ered useful in the design of crystal oscillators for electronic equipment. 

It will serve well in the hands of the electronic design engineers of your 

organization. The report applies to the application of "Military Type" crystal 

units in equipments designed for the Armed Services. The report strongly in

dorses the use of military type crystal units, however, does not discourage 

use of non-military types if a need exists. It does recommend that your organ

ization bring to the attention of the "Frequency Control Group" of the indivi

dual service organization needs for non-military types before the design 

application is frozen so that military types currently in development may in 

turn be offered for your consideration. This cooperation is strongly requested 

so as to effectivelf make use of the military types which have established 

sources of supply. In the event this action is not taken,the special, non

military, type crystal unit may not be procurable when production quantities 

are most needed. Your support and cooperation is appreciated. 

Sincerely yours 

4:-i-- ¢:~ 
<7ouN B. RIPPERE 

Colonel, USAF 
Chief, Comm & Nav Laboratory 
Directorate of Development 
Wright Air Development Center 
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ABSTRACT 

A comprehensive manual of piezoelectric control of radio frequencies is 
offered. It is directed toward the design of oscillator circuits having opti
mum operating conditions when employing Military Standard crystal units. 
Induded is a survey of the development of the piezoelectric crystal art; 
descriptions and characteristics of all crystal elements and mounting 
methods that have found commercial application; a detailed study of the 
equivalent circuit characteristics of crystal units; analyses of basic piezo
electric oscillator principles and of the effects of changes in various circuit 
parameters, using the Pierce oscillator as a reference circuit; analyses and 
recommended design procedures for all types of piezoelectric oscillator cir
ct.its used, or tested for use, in USAF equipments; schematic diagrams 
and tables giving actual circuit parameters of all available nonclassified 
piezoelectric oscillators now being used in USAF equipments; descriptions 
of all crystal units and crystal holders now being used in USAF equip
ments, containing references and schematics of circuits employing those 
crysfal units recommended for equipments of new design; a brief discus
sion of crystal ovens and descriptions of ovens currently available for use 
with Military Standard crystal units; and a comprehensive index to increase 
the utility of the handbook as a reference manual. Circuit analyses, deriva
tions of equations, and suggestions for design innovations whose sources 
are not directly acknowledged have originated with the author and so far 
as is known have not been specifically confirmed in practice. 
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Introduction 

SECTION I-GENERAL INFORMATION 

INTRODUCTION 

PURPOSE AND SCOPE OF MANUAL 

1-1. The purpose of this manual is to provide the 
design and developmental engineer of military 
electronic equipment with a reference handbook 
containing background material, circuit theory, 
and components data related to the application of 
piezoelectric crystals for the control of radio 
frequencies. 
1-2. This manual is composed of the following 
sections: 

I. GENERAL INFORMATION 
II. CRYSTAL UNITS 

III. CRYSTAL HOLDERS 
IV. CRYSTAL OVENS 
V. APPENDIXES 

1-3. Section I contains a brief historical account 
of the discovery of the piezoelectric effect and of 
the application of crystal resonators as frequency
control devices, discussions covering the theory 
and physical properties of piezoelectric crystals, 
descriptions and performance characteristics of 
the more important quartz crystal elements, gen
eral discussions of the various crystal-unit fabri
cation processes and types of mounting, detailed 
discussions of the equivalent electrical parameters 
and performance characteristics of crystal units, 
and comprehensive qualitative and mathematical 
analyses of the various types of crystal oscillators, 
summarized with recommended design procedures. 
1-4. Sections II, III, and IV provide the technical 
and logistical data, and information concerning the 
application of the crystal units, crystal holders, 
and crystal ovens currently recommended for use 
in equipments of new design. 
1-5. The Appendixes contain the acknowledg
ments; a bibliography; a list of manufacturers 
associated with the pie1:oelectric crystal industry; 
a list of related U. S. Government specifications, 
standards, and publications; a table of definitions 
for the abbreviations and symbols used in the 
Handbook; conversion charts; and an alphabetical 
index. 

CONTROL OF RADIO FREQUENCY 

1-6. The greatly increased demand for military 
radio channels, with the consequent crowding of 
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the radio-frequency spectrum, is, in the final 
analysis, a problem for the design engineer of fre
quency-control circuits. The problem is essentially 
one of providing a maximum frequency stability 
of the carrier at the transmitting station, and a 
maximum rejection of all but the desired channel 
at the receiving ~tat:on. In each instance optimum 
results are obtained by the use of electromechani
cal resonators - maximum carrier stability is 
achieved by the use of crystal master oscillators, 
and maximum receiver selectivity is achieved by 
the use of crystal heterodyne oscillators and crys
tal band-pass filters. 

1-7. The design of a constant-frequency generator 
has been an ideal of radio engineers almost from 
the beginning of radio science. Although many 
purely electrical oscillators have been devised 
which closely approach the ideal, none surpass the 
performance of the high-quality circuits employ
ing mechanical oscillators. Temperature-controlled 
oscillators having a sonic-frequency tuning fork as 
the frequency controlling element and followed by 
a number of frequency multiplying stages were 
the first of the radio-frequency generators employ
ing the high precision of mechanical control. The 
cumbersomeness and expense of the many multi
plier stages, however, have made the tuning fork 
oscillators impracticable insofar as the control of 
any but sonic frequencies are concerned. Today, 
precision control of radio frequencies has been 
made possible through the development of piezo
electric resonators, where the frequency-control
ling elements, usually quartz plates, have normal 
vibrations in the radio-frequency range. 

THE PIEZOELECTRIC EFFECT 

1-8. The word piezoelectricity (the first two syl
lables are pronounced pie-ee') means "pressure
electricity," the prefix piezo- being derived from 
the Greek word piezein, meaning "to press." 

1-9. "Piezoelectricity" was first suggested in 1881 
by Hankel as a name for the phenomenon by which 
certain crystals exhibit electrical polarity when 
subjected to mechanical pressure. 

1-10. That such a phenomenon probably existed 
seems to have been suggested first by Coulomb in 
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the latter part of the 18th century. His suggestions 
prompted Haily, and later A. C. Bequerel, into 
undertaking a series of experiments to see if elec
tric effects could be produced purely by mechanical 
pressure. Although both Hatiy and Bequerel re
ported positive results, there is some doubt as to 
whether these were not due to contact potentials 
rather than to piezoelectric properties of the sub
stances investigated-particularly since electrical 
polarities were reported in crystals that are now 
known to be non-piezoelectric. 

1-11. It is to the Curie brothers, Jacques and 
Pierre, that the honor goes for having been the 
first (in 1880) to verify the existence of the piezo
electric effect. (For the initial report of their 
discovery, see paragraph 1-56.) 

1-12. The Curie brothers tested a number of crys
tals by cutting them into small plates that were 
then fitted with tin-foil electrodes for connection 
to an electrometer. When subjected to mechanical 
pressure, several of the crystals caused the leaves 
of the electrometer to be deflected. Among those 
crystals showing electrical polarities were quartz, 
tourmaline, Rochelle salt, and cane sugar. In the 
year following these experiments, a prediction by 
Lippmann that the effect would prove reversible 
prompted the Curies to further investigations. The 
results verified Lippmann's prediction by revealing 
that the application of electric potentials across a 
piezoelectric crystal would cause deformatioJl8 in 
the crystal which would change in sign with a 
change in electric polarity. Furthermore, it was 
found that the piezoelectric constant of propor
tionality between the electrical and mechanical 
variables was the same for both the direct (pres
sure-to--electric) and the converse effects. In other 
words, the same polarization at the surface of the 
electrodes that results from a particular deforma
tion of the crystal can, in turn, if applied from an 
external source, produce the deformation. 

1-13. It should ~e mentioned that the piezoelectric 
effect, which occurs only in certain asymmetrical 
crystals, is not to be confused with electrostric
ture, a property common to all dielectrics. Al
though electrostricture is a deformation of a di
electric produced by electric stress, it is unlike the 
converse piezoelectric effect in that its magnitude 
varies, not linearly with the electric field, but with 
the square of the field, and is unaffected by a 
change in the applied polarity. Electrostricture is 
the type of deformation a capacitor undergoes 
on being charged. In piezoelectric crystals this 
effect is normally small compared with the piezo
electric properties. 
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DEVELOPMENT OF PIEZOEUCTRIC DEVICES 

1-14. From the time of its discovery until World 
War I, the piezoelectric effect found few practical 
uses. Those applications it did find appeared in the 
form of occasional laboratory devices for measur
ing pressure or electric charges. For the most part, 
however, little attention was attracted to piezo
electricity outside the crystallographer's study. 
Nevertheless, during this time considerable theo-. 
retical progress was made, due chiefly to the · 
efforts of Lord Kelvin, Duhem, Pockels, and 
Woldmar Voigt. Voigt's comprehensive Lekrbuch 
der KristaUphyBik, published in 1910, is still con
sidered the reference authority on the mathe
matical relationships among crystal variables. 
1-15. It was after the outbreak of World War I 
before serious attention was given to the practical 
application of piezoelectric crystals. During the 
war Professor Paul Langevin of France initiated 
experiments with the use of quartz crystal plates 
as underwater detectors and transmitters of 
acoustic waves. Although Langevin's immediate 
purpose was to develop a submarine detecting de
vice, his research became of vital importance to 
many other developments. Not only did it attract 
the applied sciences to the possibilities of piezo
electric crystals, but also it initiated the modern 
science of ultrasonics. 
1-16. The detecting apparatus that Langevin 
eventually devised employed quartz "sandwiches" 
which were coupled electrically to vacuum-tube 
circuits, and could be exposed under water where 
they would vibrate at the frequency of an applied 
voltage, or at the frequency of an incident acous-
tic wave. The first function was employed to emit 
ultrasonic waves, and the second function to re
ceive and reconvert the echo into electrical energy 
for detection. 
1-17. At the same time that Langevin was experi
menting with quartz as a supersonic emitter and 
detector, Dr. A. M. Nicolson, at Bell Telephone 
Laboratories, was independently investigating the 
use of Rochelle salt to perform the same functions 
at sonic frequencies. Indeed, his first application 
for a patent on a number of piezoelectric acoustic 
devices, April 1918, preceded by five months Lan
gevin's initial application for a French patent. 
Employing Rochelle salt instead of quartz, because 
of its greater piezoelectric sensitivity, Nicolson 
constructed a number of microphones, loud
speakers, phonograph pickups, and the like. 
Among the circuits included in his 1918 patent 
application, was one that later proved of particu
lar interest - an oscillator employing a Rochelle 



salt crystal as shown in figure 1-1. With this ex
ception, all the early applications of the piezoelec
tric crystal involved its use as a simple electro
mechanical transducer. That is, it was used either 
to transform mechanical energy in one system to 
electrical energy in another, or vice versa. Nicol
son's oscillator was a distinct innovation in that it 
employed a piezoelectric crystal as a transformer 
of electrical energy to mechanical energy and back 
to electrical energy. 
1-18. When Nicolson devised his oscillator, none 
of the possible functions of a piezoelectric vibrator 
had previously been investigated or discussed. His 
patent application offered no description of the 
crystal's function, although presumably the crys
tal performed in some way to transfer part of the 
plate circuit energy to the grid circuit. Evidence 
that the normal vibrations of the crystal actually 
controlled the frequency seems to have existed, but 
no mention was made of this fact. The circuit, 
however, embodies the combined principles of 
coupler, filter, and resonator. Obviously the crystal 
acts as a coupler between the plate and grid cir
cuits; and, inasmuch as the crystal may block the 
feedback of all plate energy except that at the 
frequency of the crystal's normal mode of vibra
tion, the crystal may be imagined to perform the 
function of a filter, even though the over-all opera
tion is that of an oscillator. Finally, if the plate 
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tap is connected at the bottom of the coil, so that 
the only feedback is through the plate-to-grid 
capacitance of the vacuum tube, the crystal rnay 
function as a conventional resonator, controlling 
the frequency as would a tuned grid tank circuit-
the complete vacuum-tube circuit being the equiv
alent of a tuned-plate, tuned-grid oscillator. Thus, 
to Dr. Nicolson belongs the honor of being the 
first to employ the piezoelectric crystal purely as a 
circuit element, in all its principal circuit functions. 
1-19. Although Nicolson was the father of the 
piezoelectric crystal circuit, Professor Walter G. 
Cady, of Wesleyan University, was its greatest 
prophet. In 1918 during a series of experiments 
being conducted to investigate the use of Rochelle 
salt plates for underwater signaling, Dr. Cady be
came interested in the electromechanical behavior 
of crystals vibrating in their normal modes. Out 
of the resonant properties that he discovered, he 
came to visualize the great possibilities that the 
piezoelectric crystal afforded as a resonator of 
high stability. After experimenting with several 
circuits, including the first quartz-controlled oscil
lator, Dr. Cady, in January 1920, not aware that 
Dr. Nicolson considered his oscillator controlled by 
the resonance of its crystal, submitted a patent 
application for the piezoelectric resonator, in which 
he reported its possibilities as a frequency stand
ard, filter, and coupler, and described the principles· 
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of its operation. Although subsequent litigation 
concerning the discovery of the piezoelectric-reso
nator principle was decided in Dr. Nicolson's favor, 
it is distinctly to Dr. Cady's credit that he was the 
first to fully grasp the import of the piezoelectric 
resonator and to publish a public report of its prin
ciples and possibilities. His early pioneering in the 
field and his many later contributions have made 
Dr. Cady the American dean of piezoelectricity. 
1-20. It soon became apparent that quartz crystals 
were the most stable and practical for use as reso
nators. Many investigators were attracted to the 
field, and progress was made both in the design 
and theory of crystal circuits. Professor G. W. 
Pierce of Harvard showed that quartz crystal os
cillators could be constructed with a single ampli
fier stage, as Nicolson had already done using 
Rochelle salt. This marked a considerable improve
ment over Cady's oscillators, which had consisted 
of two or more vacuum-tube stages. Of particular 
note was the analysis by K. S. Van Dyke, in 1925, 
of the electrodynamic characteristics of a crystal 
resonator in terms of an equivalent electrical net
work; for the first time a way was opened to an 
understanding of the crystal resonator. In 1928, 
E. M. Terry showed that the frequency of a crystal 
oscillator was not entirely controlled by the crys
tal characteristics, but to a small degree was also 
dependent upon the other circuit constants. F. B. 
Llewellyn, in 1931, presented a. classic analysis of 
oscillators showing the circuit impedance relation
ships that are necessary if the frequency is to be 
independent of variations in the voltage supply 
and vacuum-tube characteristics. Although the 
subject matter of this treatise deals with osciJla
tors in general, the principles are applicable to the 
design of crystal oscillators, if the electrical pa
rameters of the crystal are known. 
1-21. The tuned-circuit oscillators of the early 
transmitters normally operated with heavy and 
variable loads. Many of the oscillators operated 
directly into an antenna, and in broadcast trans
mitters, modulation was performed in the oscilla
tor stage. This resulted in considerable frequency 
instability, and broadcast reception was often un
intelligible because of the frequency difference in 
radio waves arriving by different paths. It was in 
the determination of the cause and the correction ' 
of such interference that Messrs. R. Bown, D. K. 
Martin, and R. K. Potter of the Research and De
velopment Department of the American Telephone 
and Telegraph Company recommended the use of 
lightly loaded crystal-controlled oscillators fol
lowed by amplifiers. Under their supervision, Sta
tion WEAF in New York, in 1926, became the first 
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crystal-controlled broadcasting station. 
1-22. The principal factor limiting the stability of 
the early quartz oscillator was the relatively large 
frequency-temperature coefficient of the crystal, 
which allowed small changes in the ambient tem
perature to cause excessive changes in the reso
nant frequency. The immediate method of obtain
ing stability, of course, was to mount the crystal 
in an oven where the temperature could be con
trolled thermostatically. However, to decrease the 
temperature coefficient of the crystal, itself, also 
became the goal of a number of researchers. Be
cause some quartz plates exhibited positive tem
perature coefficients, whereas others exhibited 
negative coefficients, according to the orientation 
of the plate with respect to the axes of the mother 
crystal, the possibility arose that there should be 
some shape or median angle of cut which would 
have a zero coefficient. The first empiricists to en
ter the field were E. Giebe and A. Scheibe in Ger
many. In the United States, Mr. W. A. Marrison 
of Bell Telephone Laboratories turned his atten
tion to the problem of achieving the maximum 
precision possible in frequency control, and by 
1929 had perfected a 100-kc frequency standard 
using a doughnut-shaped crystal (originally pio
neered by Giebe) with a nearly zero temperature 
coefficient. This success encouraged the Bell Lab
oratories research staff to launch a concerted 
investigation into all phases of quartz crystal 
physics. Out of this program have arisen most of 
the principal advances in the design and produc
tion of quartz crystal units in the United States; 
although the early pioneering of S. A. Bokovoy and 
C. F. Baldwin at RCA has also been of notable 
significance. 
1-23. Originally only the Curie, or X-cut, quartz 
plate was used-a plate in which the thickness 
dimension is parallel to the crystal's X axis. Later 
the Y cut, where the thickness dimension is paral
lel to a Y axis, developed by E. D. Tillyer of the 
American Optical Co., began to compete with the 
Curie cut as the frequency-control element in com
mercial oscillators. By 1984, Messrs. F. R. Lack, 
G. W. Williard, and I. E. Fair of Bell Telephone 
Laboratories announced the discovery and devel
opment of two types of plates, called the AT and 
BT cuts, with such small temperature coefficients 
that they could operate stably under normal con
ditions without the use of temperature-controlled 
ovens. Concurrently, Bokovoy and Baldwin at RCA 
were experimenting with a series of crystals that 
they named the V cut, and their work, although of 
a less rigorous theoretical approach, substantially 
paralleled much of the research that was done at 



Bell Laboratories. In 1937, Messrs. G. W. Williard 
and S. C. Hight announced the development of the 
CT, DT, ET, and FT cuts; and by 1940 Mr. W. P. 
Mason had discovered the GT cut, the most stable 
resonator ever devised. The time-keeping stand
ards at both the Greenwich Observatory and the 
U. S. Bureau of Standards now use this crystal. 
Where other cuts exhibit a zero temperature co
efficient only at certain temperatures, the GT cut 
has almost a zero temperature coefficient over a 
range of 100°C. Besides the cuts discussed above, 
a number of others have been investigated which 
have proved particularly applicable for special 
uses. Among these are the AC, BC, MT, NT, 5-
degree X, and the -18-degree X cuts. 
1-24. Paralleling the development of the new crys
tal cuts were the improvements made in the design 
of crystal holders. The early holders provided no 
means of "clamping" a crystal, for they were de
signed originally to accommodate X-cut plates 
whose favored modes of vibration required that the 
edges be free to move. Since the crystal in such 
a holder will slide about if used in equipment sub
ject to mechanical vibrations, a method of clamp
ing was needed before the crystal could be used 
in vehicular or airborne radio sets. Mr. G. M. 
Thurston of Bell Telephone Laboratories was led 
to the solution of this problem when he discovered 
that a crystal would not be restricted if clamped 
only at the mechanical nodes of its normal vibra
tions. The exact positions of these points, where 
the standing-wave amplitude is zero, depend, of 
course, on the particular mode of vibration. The 
low-frequency -18-degree X-cut crystal, for in
stance, can be held by knife-edged clamps running 
along its center, whereas AT- and BT-cut crystals 
can be clamped at their corners. Cantilever and 
wire supports which resonate at the crystal fre
quency have been devised for holding crystals at 
their centers. Although the mounting of crystals 
requires a far more exacting technique than for-
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merly, the crystal holder today provides support 
and protection sufficient to insure high perform
ance stability, even under the severe conditions. of 
vibration that exist in military aircraft and tanks. 
1-25. Unfortunately, the extremely critical nature 
of the design and production of crystal units has 
made it impracticable for manufacturers to mass
produce units with such exactitude that all the 
equivalent electrical parameters are standardized 
with an accuracy comparable to that now achieved 
in the case of vacuum tubes or other circuit com
ponents. However, definite progress has been 
made in this direction, and, if the need warrants 
the additional cost, reasonably exact characteris
tics may be obtained. For several years, each 
crystal unit had to be tested in a duplicate of the 
actual circuit in which it was to be used. This pro
cedure was disadvantageous from the points of 
view of both the radio design engineer and the 
crystal manufacturer. On the one hand, the radio 
engineer, knowing little more than the nominal 
frequency of the crystal unit to be installed in his 
circuit, could not achieve that degree of perfection 
in oscillator design which was otherwise theoret
ically possible. On the other hand, the task of 
making a given oscillator perform correctly effec
tively became the responsibility of the crystal 
manufacturer, since it was necessary for him to 
fit each crystal unit by trial and error to the par
ticular circuit for which it was intended. In recent 
years this cut-and-try procedure has been allevi
ated considerably by the development of standard 
test sets and by improvements in production tech
niques that permit more critical specifications. It 
is hoped that this handbook, by providing a more 
comprehensive description of the technical char
acteristics of the crystal units recommended for 
new design, will contribute in removing the limita
tions that too often in the past have forced the 
practical design engineer to approach his crystal 
circuits philosophically, rather than scientifically. 

PHYSICAL CHARACTERISTICS OF PIEZOELECTRIC CRYSTALS 

DESCRIPTIONS OF USEFUL PIEZOELECTRIC 
CRYSTALS 

1-26. The piezoelectric effect is a property of a 
non-conducting solid having a crystal lattice that 
lacks a center of symmetry. Of the 32 classes of 
symmetry in crystals, 20 are theoretically piezo-

. electric, and the actual crystals which have been 
found in this category are numbered in the low 
hundreds. 
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1-27. Until the time of World War II only three 
crystals were commercially employed for their 
piezoelectric properties - quartz, Rochelle salt, 
and tourmaline. Today, the number is being in
creased by the development and application of 
synthetic crystals. Of these, the principal ones 
used in frequency selective circuits are ethylene 
diamine tartrate (EDT), dipotassium tartrate 
(DKT), and ammonium dihydrogen phosphate 
(ADP). See figure 1·2. 



:»ec11on 1 

Physical Characteristics of Plesoelectric Crystals 

z 

' 

)( 

T 

X 

!Al TOURMALINE 

z 

-------
1 X 
I 
I . _..._ _______ -----

IOl EDT 

z 

71 
/1 

/ I 
-,L---4--

,,,,,.,,,.,,, I I 

I 
I 
I 
I 
I 

I ,,, ..... •--

x ~ 
I 
I /" ____ _ 

_....,,,. \ 

(Cl ADP 

X 

z 

I 
I 
I 
I 
I 
1--

!Bl ROCHELLE SALT 

V 

z 

IEI OKT 

Figure 1-2. Commercially used piezoelectric crystals other titan quartz 
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1-28. Piezoelectricity is still in its infancy, and 
until more data have been collected and coordinated 
into a comprehensive atomic theory of the phe
nomenon, the chemist will have few clues to direct 
his search for a crystal having the maximum 
possible piezoelectric effect. 

Tourntall•-
1-29. Tourmaline is a semiprecious stone which at 
one time was caUed the "Ceylon Magnet." This title 
seems to have been given it by early 18th century 
traders who introduced the stone to Europe, with 
the story of its strange magnetic property. If 
placed in hot ashes, tourmaline behaves as if it 
were electrified-first attracting ashes and then 
throwing them off. This is the phenomenon of 
pyroelectricity, closely associated with piezoelec
tricity, and was possibly the first electrical effect, 
other than lightning and St. Elmo's fire, ever to be 
noticed by man. According to the theory proposed 
by Lord Kelvin, the pyroelectric effect of tourma
line is due to a permanently polarized lattice in the 
crystal, so that when heated, an unneutralized in
crease in the dipole moment occurs, proportional 
to the change in temperature and the coefficient of 
expansion. It was this pyroelectric theory of 
permanently polarized crystals that eventually 
prompted the Curie brothers to test for the piezo
electric effect. 

1-30. Tourmaline is unsuitable for wide com
mercial use because of its expense and the scarcity 
in the number of large-sized natural crystals. Also, 
the temperature coefficients are negative for all 
tested modes of vibrations, which fact rules out 
the possibility of zero-coefficient cuts. 

1-31. Tourmaline does have the advantage of dura
bility and a large thickness-frequency coefficient, 
so that for a given frequency it permits a more 
rugged crystal unit th.an quartz. For this reason 
it is sometimes used for the control of very high 
frequencies. However, the chief piezoelectric ap
plication of tourmaline is in the measuring of 
hydrostatic pressures. 

Rocllelle Salt 

1-32. Rochelle salt (NaKC,H.Oa-4H,O) is sodium 
potassium tartrate with four molecules of water of 
crystallization. The crystals are grown commer
cially by seeding saturated solutions of the salt 
and decreasing the temperature of the solutions a 
few tenths of a degree per day. They were first syn
thesized in 1672 by Pierre Seignette, an apothecary 
of La Rochelle, France, and until the time of Nicol
son's inventions the salt was used primarily for its 
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medicinal value. Its exceptionally great piezoelec
tric effect-a blow with a hammer can generate as 
much as five thousand volts--has made Rochelle 
salt the principal crystal for use as a transducer in 
acoustic devices, such as microphones, loud
speakers, pickups, hearing aids, and the like. As a 
stable resonator it is far inferior to quartz, not 
only because of a greater sensitivity to tempera
ture variations, but also because of its tendency to 
disintegrate during extremes of humidity. If the 
ambient humidity drops below 35 per cent at room 
temperature, the water of crystallization will be
gin to evaporate, leaving a dehydrated powder on 
the crystal surface. Should the humidity rise above 
85 per cent at room temperature, the salt will 
absorb moisture and begin to dissolve. For these 
reasons a Rochelle salt crystal should be mounted 
in a hermetically sealed container, or, if this is not 
possible, at least coated with wax. In the case of 
the former, if powders of both the crystalline and 
dehydrated forms of Rochelle salt are also enclosed 
within the sealed chamber, the humidity of the 
chamber will automatically increase or decrease 
with corresponding changes of temperature, and a 
stable balance between the crystal and chamber 
vapor pressures will be maintained. However, at a 
temperature of 55°C (130°F) the crystal, which 
is a double salt of tartaric acid, breaks down into 
sodium tartrate, potassium tartrate, and water. 
The solution formed will remain a viscous liquid 
for some time if super-cooled, and, as such, makes 
an effective glue for binding together plates of the 
crystal. 
1-33. Although Rochelle salt, between the tem
peratures of -18°C and +24°C, has a greater 
piezoelectric effect than any other crystal, it seems 
that eventually it will be replaced by other syn
thetic crystals, in particular, ADP (NH,H,PO.), 
which requires no water of crystallization. Never
theless, as an electromechanical transducer, Ro
chelle salt is still the most widely used of the 
piezoelectric crystals. 

ADP 

1-34. ADP (NH,H,PO.), ammonium dihydrogen 
phosphate, was discovered and used during World 
War II as a substitute for Rochelle salt in under
water sound transducers. Like Rochelle salt, ADP 
crystals can be grow~ commercially; but unlike 
Rochelle salt, it requires no water of crystalliza
tion, and hence has no dehydration limitations, 
being able to stand temperatures up to 100°C 
(212°F). Also, ADP is more durable mechanically 
than Rochelle salt. 
1-35. Although the crystal's principal application 
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has been in submarine-detecting apparatus, its 
greater stability suggests the probability that it 
will eventually replace Rochelle salt as the prin
cipal transducer in other sonic devices. 

EDT 

f-36. EDT (C6H,.N,O6), ethylene diamine tar
trate, was discovered and developed during World 
War II as a substitute for quartz in low-frequency 
filter units. Quartz crystals at this time were in 
such great demand for the frequency control of 
military communication equipment, that a short
age developed in the supply of large-sized natural 
crystals which were needed for cutting filter plates 
of 11/:i to 2 inches in length. This shortage was 
acutely felt in the telephone industry, where there 
exists the chief demand for such plates for use in 
the band-pass filters of carrier systems. The dis
covery of EDT was the solution to this problem, 
for this crystal can be grown to any size desired, 
and it has the chemical stability (no water of 
crystallization), low mechanical loss, zero tem
perature coefficient, and small aging effects that 
make it a suitable substitute for quartz. 
1-37. EDT is not as rugged mechanically, nor does 
it have quite as high a Q as quartz-although the 
EDT crystal units operating as filter elements in 
the 20- to 180-kc range do have Q's in the neighbor
hood of 30,000. Moreover, for use as the frequency
control element in high-frequency oscillators, EDT 
is inferior to quartz because of its greater sensi
tivity to temperature changes. Even though 
high-frequency modes of vibration have been 
found with zero temperature coefficients, the 
temperature shift to either side of the optimum 
value must be kept approximately one-fifth that 
for a comparable quartz plate (BT cut, for 
example) in order to maintain the same frequency 
tolerance. Where only a minimum of temperature 
control might be needed for quartz, EDT will 
require fairly accurate control. Because of these 
disadvantages, EDT does nut threaten at this time 
to replace quartz in high-frequen<'~' oscillators, but 
it does have promising possibilities for use in 
oscillators of the frequency-modulated type. Here, 
EDT plates have the advantage of a relatively wide 
gap between their resonant and antiresonant 
frequencies, thus permitting a large percentage 
swing of the oscillator frequency. If temperature
controlled, the EDT crystal can thus give crystal 
stability to a frequency-modulated transmitter. 

DKT 

1-38. DKT (K,C,H,O0-%H2O), dipotassium tar
trate, is another synthetic crystal which was in-
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vestigated at Bell Telephone Laboratories during 
World War II. The DKT molecule is similar chemi
cally to that of Rochelle salt except that the so
dium atom has been replaced by another potassium 
atom. The crystal, however, differs from Rochelle 
salt in that it contains only one molecule of water 
for each two DKT molecules, as compared with a 
water-to-salt molecular ratio of four-to-one in the 
Rochelle salt crystal, and it exhibits no tendency 
to dehydrate below 80°C (176°F). Also, the piezo
electric characteristics of DKT are less 'like those 
of Rochelle salt than of quartz. Indeed, in the 
lower-frequency filter circuits, DKT seems as 
promising as EDT as a substitute for quartz. 
1-39. As compared with EDT, DKT has the advan
tage of better temperature-frequency character
istics. Zero temperature coefficients are possible 
where the frequency deviation on either side of the 
zero point is only one-third that for EDT. How
ever, DKT crystals are more difficult to grow than 
the EDT crystals, and primarily for this reason the 
development of a small EDT industry has already 
been established, whereas the DKT crystals are 
still in the laboratory stage. 

Raw Ci)uartz 

1-40. Quartz is silicon dioxide (SiO,) crystallized 
in hard, glass-like, six-sided prisms. The normal 
crystal structure is called alpha quartz; if the 
temperature is raised above 573°C (1063°F) most 
of the piezoelectric property is lost with a crystal 
transformation to beta quartz. At l 750°C 
(3182°F) the crystal structure is permanently 
lost, and the melted quartz assumes the fused 
amorphous form of silica. The density of alpha 
quartz at 20°C (68°F) is 2.649 grams per cubic 
centimeter. The hardness of quartz is rated at 7 
on Mohs' scale-a greater hardness than glass or 
soft steel, but less than hard steel. 
1-41. Silicon dioxide is believed to constitute ap
proximately one-tenth of the earth's crust. It 
occurs in many crystalline forms such as quartz, 
flint, chalcedony, agate, onyx, etc., and in the fused 
amorphous state of silica, called "quartz glass." 
Although quartz is an abundant mineral-sand 
and sandstone consist largely of quartz granules
large crystals of good quality are to be found in 
only a few areas. The chief source of supply has 
been Brazil, although large deposits of lower 
quality are also to be found in Madagascar and in 
the United Statl:ls. Progress has been made in 
growing quartz crystals artificially. Such crystals 
are now commercially available, although this 
quartz source is still primarily in the develop
mental stage. The tremendous pressures required 



and the slow rate of growth have, until very re
cently, prevented quartz manufacture from being 
commercially feasible. Advances are now being 
made in growing imperfection-free quartz stones 
having major dim'ensions so oriented relative to 
the principal crystal axes that a desired type of. 
quartz cut can be obtained with minimum waste. 
The future possibilities of quartz · manufacture 
appear quite pr.omising. 
1-42. The large quartz crystals of geological origin 
are the products of long ages of growth under 
great pressure. The growing crystal assumes the 
shape of a hexagonal prism with each end pyramid
ing to a point. The prismatic faces are designated 
as m faces, see figure 1-4, and adjacent m faces 
always intersect at angles of 120 degrees. The 
opposite m faces of the prism are always parallel, 
but are rarely of the same dimensions. These faces 
are not perfectly planar, but are streaked with 
small horizontal growth lines, or striae. Parallel to 
the growth lines are the bases of the six end faces 
-three r and three z faces-which form a hexag
onal pyramid, but with only the r faces meeting at 
the apex. The end faces are quite smooth, with the 
r, or major, faces usually appearing more polished 
than the z, or minor, faces. Figure 1-3 shows a 
mother crystal with one of the pyramidal ends 
missing. Complete crystals are rarely found except 
in very small sizes. More likely both pyramidal 
ends will be missing, and frequently crystals are 

Figure 1-3. Raw quartz stone 
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found with all the nat~ral faces broken or eroded 
away. The largest quartz crystal that has been re
corded was found in Brazil. It is described_ as a 
crystal of smoky quartz, 7 ft 2 in. long, 11 ft 2 in. 
in circumference, and weighing more than 5 tons. 
1-43. Quartz is enantiomorphous-that is, it oc
curs in both right-handed and left-handed forms, 
which are mirror images of each other. The 
enantiomorphic faces of two ideal alpha-quartz 
crystals are represented in figure 1-4. The left
handed and right-handed forms are indicated by 
the direction in which the small upper x and s 
faces appear to be pointing. Note that this rule is 
valid regardless of which enfl of the crystal is 
turned up. However, the x and s faces are rarely 
found, so that the handedness of a crystal is 
usually determined by noting the optical effects 
when polarized light is passed through the crystal 
parallel to the optic (lengthwise) axis. 

IMPERFECTIONS IN QUARTZ 

1-44. Pure quartz of structural perfection is a 
transparent, colorless crystal-such that the early 
Greek physicists believed it to be a perfected form 
of ice. Through the centuries quartz has been cut 
and ground into many ornaments, and was mysti
cally respected in the ancient art of crystal -gazing. 
1-45. The presence of impurities can convert 
quartz into a variety of gem-like colors. Amethyst, 
agate, and jasper are all quartz crystals colored by 
impurities. A different form of coloring is that 
which gives a smoky appearance to quartz. This 
effect differs in degree from crystal to crystal, and 
in extreme cases a crystal may be so dark that it 
cannot be inspected for defects nor for the align
ment of axes. However, by heating a smoky crystal 
from 350°C (662°F) to 500°C (932°F) it becomes 
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Figure 1-4. Lelt and right quartz crystals 
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quite as clear as the purest stone. Possibly the 
coloration is due to the dissociation of some of the 
silicon dioxide molecules, which recombine on heat
ing; in any event, crystals which have been cleared 
of smokiness, remain clear, and have the same 
physical properties as the normal colorless crystals. 
1-46. Other than those arising from chemical 
impurities, there are three types of structural 
defects to be avoided when cutting blanks from 
the raw quartz. These are cracks, inclusions, and 
twinning. 

Cracks 

1-47. All raw crystals contain cracks to some 
extent, particularly near their surfaces, where 
fractures are easily caused by impacts. Tempera
ture variations and growth conditions are also 
causes of cracking. The larger cracks are readily 
visible, but not the separations with dimensions 
comparable to a wave-length of light. For this 
reason, any detected crevice should be assumed to 
extend somewhat beyond its visible length. Raw 
quartz should be handled with particular care, for 
the large crystals are more vulnerable to fractur
ing than are the small finished plates. No finished 
plate, however, should be permitted to contain a 
crack. 

Inclusions 

1-48. Inclusions are small pockets, often. sub
microscopic, holding foreign matter which was 
entrapped during the crystal's period of growth. 
The trapped material may be a gas, liquid, solid, 
or any combination thereof. The pockets are often 
too small to be seen individually, but are readily 
detected by the shapes and coloring of the clusters 

they form. Groups of the smallest-size inclusions 
have a bluish cast; groups of medium-size in
clusions appear as a white frosting; and the larger 
inclusions are individually visible as small bubbles. 
Some of the clusters appear as small clouds; others 
appear as needles, which may be fine or feathery, 
and which may form parallel rows or spread 
comet-like from a bubble origin; still other groups 
are draped in sheets or folds like veils ; and, finally, 
there are those inclusions that arrange themselves 
in surfaces parallel to the natural crystal faces, 
outlining former growths, and appearing as crystal 
phantoms within a crystal. See figure 1-5. Not a 
great deal is known concerning the effect of in
clusions up~n the performance of finished plates. 
However, the fine textured (blue) inclusions are 
the least objectionable, and the isolt1ted bubbles are 
more to be tolerated than a veil or phantom. Blue 
needles are permissible in large, low-frequency 
plates that are not to be driven at high levels. 
Nevertheless, any inclusion weakens a crystal, and 
will not be present in a high-quality, finished plate. 

Twinning 

1-49. Twinning is the intergrowth of two crystal 
regions having oppositely oriented axes. This ab
normality is rarely detectable by a casual visual 
inspection, and a crystal that appears homo
geneous throughout may, indeed, have several 
twinned areas; in fact, almost all large crystals 
have twinning to some extent. There are two types 
of twinning common to quartz-electrical twin
ing and optical twinning. In electrical twinning, 
only the electrical sense of the crystal axes is 
reversed, whereas in optical twinning, not only the 
electrical sense, but the handedness of the crystal 
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structure is reversed-that is, one area will be 
right-handed and the other left-handed. 
1-50. A finished plate, if it is to have predictable 
characteristics, must be cut entirely from a region 
having the same crystal structure; otherwise, the 
piezoelectric properties of one region will interfere 
with those of the other. Electrical twins are 
usually large, so both areas may be used separately 
for crystal blanks. Optical twinning, on the other 
hand, is usually confined to pockets, which are 
normally too small to provide crystal blanks, them
selves, so that only the predominant crystal region 
can be utilized. 

THE AXES OF QUARTZ 

1-51. There are several crystallographic conven
tions by which the reference axes of crystals may 
be chosen, and much confusion has resulted in the 
past because of the various preferences of different 
crystallographers. Insofar as the over-all piezo
electric properties are concerned, the orientations 
of quartz have been universally measured accord
ing to rectangular sets of X, Y, and Z axes, with 
the XY, XZ, and YZ planes determined according 
to the crystal symmetries. However, even in this 
case, the choice of positive and negative axial and 
angular directions for right and left quartz re
mained more or less a matter of preference until 
the system proposed by the I.R.E. in 1949 became 
generally adopted. It is the I.R.E. system that will 
be followed here. It should be remarked first, how
ever, that a crystal axis is not intended necessarily 
to coincide with a central point in the crystal, but 
may represent any straight line parallel to the 
axial direction. It might also be noted that the 
different types of crystal faces are designated in 
this manual by the small letters m, r, s, x, and z, 
and these should not be confused with the capital 
letters X, Y, Z which denote the axes, nor with the 
small letters, x, y, z, when used to denote dimen
sions of a crystal in the axial directions. 

Z Axis 

1-52. The Z aJCis is the lengthwise direction of the 
quartz prism and is perpendicular to the growth 
lines of all the m faces. It is an axis of three-fold 
symmetry, so that there are three sets of XY axes 
for each r,rystal (figure 1-6), with the direction of 
the Z axis common to all three. No piezoelectric 
effects are directly associated with the Z axis, and 
an electric field applied in this direction produces 
no piezoelectric deformation in the crystal, nor will 
a mechanical stress along the Z axis produce a 
difference of potential. Because the growth Jines 
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are generally missing, optical effects are usually 
employed to locate the Z azis in raw quartz. (See 
paragraphs 1-121 to 1-124.) Quartz properties are 
such that light waves passing through a crystal 
are effectively divided into two rectilinear com
ponents, with one component traveling faster than 
the other except when the light ray is directed 
parallel to the Z axis. The optical effects are found 
to be symmetric about the Z axis, and thus whereas 
optical instruments may be used to determine this 
axis, they cannot be used to distinguish an X from 
a Y axis. For this reason the Z axis is commonly 
designated as the optic axis. The optical effects 
associated with the propagation of polarized light 
parallel to the optic axis not only are used to locate 
the Z axis in unfaced quartz (crystals, such as 
river quartz, whose natural faces have been de
stroyed), but to identify left from right quartz, 
and to locate twinned regions. Plane polarized light 
traveling parallel to the optic axis will be rotated 
in one direction or the other according to whether 
the crystal is left or right. To an observer looking 
toward the light source the rotation will be clock
wise for right-handed quartz and counterclockwise 
for left-handed quartz, with the amount of rota
tion depending upon the wavelength, being greater 
for blue light (short wavelength) and less for red 
light (long wavelength). Since the crystal lattice 
along the optic axis has no properties that distin
guish one direction from the other, the choice of 
the +z and the -Z reference directions are en
tirely arbitrary for either right or left crystals. 
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Figure 1-6. XY plane of quartz showing three sets 
of rectangular oxes: X,Y,Z, X,Y,Z, X.,Y,Z (Z axis is 

perpendii:ufar to plane of paper} 
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Y Axis 

1-53. The Y axes are chosen at right angles to the 
Z axis and to the growth lines of the rn faces. See 
figure 1-4. For either left or right quartz, the 
positive end of a Y axis emerges from an m face 
that is adjoined by a z face at the end selected as 
the +z direction. The Y axes are generally called 
the mechanical axes in contradistinetion to the X 
axes, which are called the electrical axes. These 
names originated from the fact that simple com
pressional and tensional mechanical stresses along 
either an X axis or a Y axis would cause a polariza
tion of the X axis, but not of the Y axis. The names 
are somewhat misleading, for polarization in the 
Y direction is also possible if a crystal undergoes 
shearing or flexural strains. In practice, the Y 
axis of a quartz stone is usually determined after 
the Z and X axes have been located. 

X Axis 

1-54. The X axes are parallel to the growth lines 
of the m faces, and to the lines bisecting the 120-
degree prism angles. The positive end of an X axis 
is the direction that forms a right-handed coordi
nate system (see figure 1-4) with the Y and Z axes. 
This makes the directional sense of the X axis in 
right quartz the reverse, rather than the mirror 
image, of that in left quartz. Thus, in right quartz 
the negative ends of the X axes emerge from the 
prism corners that lie between the x faces, where
as, in left quartz the positive ends emerge from 
these .corners. 
1-55. In either right or left quartz when the X 
axis undergoes a tensional strain (stretching), a 
positive charge appears at the end emerging be
tween the x faces; and when the X axis is com
pressed, this end becomes negatively charged. The 
X axis of raw quartz is usually determined by 
optical and x-ray methods. See paragraphs 1-126 
and 1-127. 

THEORY OF PIEZOELECTRICITY 

Report Announcin9 Discovery of the 
Piezoelectric Effect 

1-56. The theory of the cause of piezoelectricity 
stated in the most general terms is substantially 
the same today as it was at the time of its dis
covery. The following is the original report by 
Pierre Curie on the piezoelectric effect, which in
cludes a statement of the theory that led to its 
discovery. The paper was read at the April 8, 1880, 
meeting of the societe mineralogique de France, 
and is recorded in the Bulletin, soc. min. de France, 
volume 3, 1880. 
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1-57. "Crystals which have one or more axes 
whose ends are unlike, that is to say, hemihedral 
crystals with inclined faces, have a special physical 
property, that they exhibit two electric poles of 
opposite names at the ends of those axes when they 
undergo a change of temperature: this is the phe
nomenon known as pyroelectricity. 
1-58. "We have found a new way to develop elec
tric polarization in crystals of this sort, which con
sists of subjecting them to different pressures 
along their hemihedral axes. 
1-59. "The effects produced are analogous to those 
caused by heat: during a compression, the ends 
of the axis along which we are acting are charged 
with opposite electricities; when the crystal is 
brought back to the neutral state and the com
pression is relieved, the phenomenon occurs again, 
but with the signs reversed; the end which was 
positively charged by compression becomes nega
tive when the compression is removed and re
ciprocally. 
1-60. "To make an experiment we cut two faces 
parallel to each other, and perpendicular to a hemi
hedral axis, in the substance which we wish to 
study; we cover these faces with two sheets of tin 
which are insulated on their outer sides by two 
sheets of hard rubber; when the whole thing is 
placed between the jaws of a vise, for example, 
we can exert pressure on the two cut surfaces, that 
is to say, along the hemihedral axis itself. To per
ceive the electrification we used a Thomson elec
trometer. We may show the difference of potential 
between the ends by connecting each sheet of tin 
with two of the sectors of the instrument while 
the needle is charged with a known sort of elec
tricity. We may also recognize each of the elec
tricities separately; to do this we connect one of 
the tin sheets with the earth, the other with the 
needle, and we charge the two pairs of sectors from 
a battery. 
1-61. "Although we have not yet undertaken the 
study of the laws of this phenomenon, we are able 
to say that the characteristics which it exhibits are 
identical with those of pyroelectricity, as they have 
been described by Gaugain in his beautiful work 
on tourmaline. 
1-62. "We have made a comparative study of the 
two ways of developing electric polarization in a 
series of non-conducting substances, hemihedral 
with inclined faces, which includes almost all those 
which are known as pyroelectric. 
1-63. "The action of heat has been studied by the 
process indicated by M. Friedel, a process which 
is very convenient. 



1-64. "Our experiments have been made on blende, 
sodium chlorate, boracite, tourmaline, quartz, cala
mine, topaz, tartaric acid (right handed), sugar, 
and Seignette's salt. 
1-65. "In all these crystals the effects produced by 
compression are in the same sense as those pro
duced by cooling; those which result from reliev
ing the pressure are in the same sense as those 
which eome from heating. 
1-66. "There is here an evident relation which 
allows us to refer the phenomena in both cases to 
the same cause and to bring them under the fol
lowing statement: 
1-67. "Whatever may be the determining cause, 
whenever a hemihedral crystal with inclined faces, 
which is also a non-conductor, contracts, electric 
poles are formed in a certain sense; whenever the 
crystal expands, the electricities are separated in 
the opposite sense. 
1-68. "If this way of looking at the matter is cor
rect, the effects arising from compression ought 
to be in the same sense as those resulting from 
heating in a substance which has a negative co
efficient of dilation along the hemihedral axis." 

Asymmetrical Displacement of Char9e 

1-69'. The atomic lattice of piezoelectric crystals is 
assumed to consist of rows of alternating centers 
of positive and negative charges so arranged that 
the structure as a whole has no center of sym
metry. When such a lattice undergoes a deforma
tion, a displacement will result between the 
"centers of gravity" of the positive and negative 
charges. It is this displacement that results in a 
net unneutralized dipole moment, the polarity of 
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figure J-7. Effective polarities resulting from sudden 
displacements of the centers of charge of a neutral
ized dipole. (If after displacement, the crystal were 
maintained indelinitely in the strained position, the 
effective polarity would eventually be neutralized by 
an accumulation of ions at the poles. A sudden return 
from such a state would thus result in an effective 

polarization in the unstrained position) 
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which depends upon the previous equilibrium posi
tions of the positive and negative centers of charge 
and the direction of the displacement, as indicated 
in figure 1-7. 
1-70. In the case of a crystal with a center of sym
metry, a uniform strain in the crystal will always 
result in as much displacement of like charges in 
one direction as in another, and hence there will 
be no net shift of the centers of opposite charge 
relative to each other. A distribution of charges 
having a center of symmetry is illustrated in figure 
1-8. Note that the centers of charge, both positive 
and negative, are at the geometrical center. If a 
uniform stress--eompressional, or shearing-is 
applied along any axis, it can be seen that the 
center of either type of charge will at all times 
remain undisturbed, and thus the net piezoelectric 
effect will be null. 
1-71. Lord Kelvin was the first to propose a molec
ular model with a charge distribution designed to 
explain the physical and electrical characteristics 
of alpha quartz. See figure 1-9. This model was 
accepted generally by the crystallographers until 
the theory failed to conform to X-ray tests. When 
a beam of X-rays enters a crystal, the intersecting 
atomic planes can be likened to partially silvered 
mirrors, each passing part of the beam, but reflect
ing the rest. Since the distance between adjacent 
parallel planes is on the order of an X-ray wave
length, the waves reflected from adjacent planes 
will tend to alternately annul and reinforce each 
other as the angles of incidence vary. The inter
ference pattern on a photographic film will show 
an array of spots indicating the angles at which 
the reflected waves from different planes arrive 
in phase. From such data, ·with the X-ray wave
length known, it is possible to determine the rela
tive orientation. of _atomic planes, and hence to 
reconstruct the arrangement of the atoms in the 
crystal. The X-ray data on alpha quartz reveals a 

Figure 1 -8. Example of distribution of charges 
having a center of symmetry * 
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Figure 1-9. Kelvin's molecular model of the charge 
distribuiion of alpha quartz. The positive direction 
shown for the X axis corresponds to that of right 
quartz, for a compression of the crystal along that 
axis will cause the piezoelectric polarities to coincide 
in sign with the X-oxial directions. For left quartz, 
the sign of the Y, as well as the X, axis, must be 

reversed in order to maintain a right-handed 
coordinate system * 

ARRANGEMENT OF ATOMS IN ALPHA QUARTZ, VIEWED ALONG AN X AXIS 

Figure 1-10, Arrangement of atoms in alpha quartz. 
Plane of paper corresponds to YZ plane in crystal 

y 

l Bl 

Figure 1-11. Equivalent distribution of charges that account for observed piezoelectric effects of alpha quartz. 
( A) Piezoelectric polarity along X axis of right quartz due to compression along Y axis. (8) Piezoelectric polarity 
of Y axis of right quartz due to shearing stress, where the resultant strain is equivalent to a compression along 
the axis designated GH. (Nata that in both A and B, the piezoelectric effect is due to a rocking of the axial 
dipoles, and not to their compression or extension. To achieve the same deformations by the converse effect, 
equal voltages, but opposite in sign to the polarizations indicated, ore applied across the respective axes} * 
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more complex structure than was once suspected. 
See figure ~-10. Nevertheless, the early crystal 
model, as postul~ted by Lord Kelvin, still can be 
accepted as an approximation if we treat a single 
one of· his molecules as representing simply the 
equivalent charge distribution within the lattice, 
as indicated in figure 1-11. 
1-72. Figure 1-llA shows the displacement occur
ring when a compressional stress is applied along 
the Y axis, or a tensional stress is applied along 
the X axis of a right-handed crystal. Note that the 
center of positive charge shifts in the negative 
direction of the X axis, and that the center of nega
tive charge shifts in the positive direction; how
ever, there is no net displacement along the Y axis. 
If the direction of the stress is reversed, so also is 
the effective polarity. 
1-73. The polarization of the Y axis due to a shear
ing strain is illustratc,d in figure 1-llB. Assume 
that vectors A and B represent a simple shearing 
stress applied at right angles to the Y axis. If A 
and B are equal and opposite forces, there will be 
no displacement of the center of mass; however, 
since these forces are not directed in the same 
straight line, they create a couple which would 
maintain a rotational acceleration about the center 
of mass unless opposed by an equal and opposite 
couple. This counter-couple is represented by vec
tors C and D. If now, the forces are combined 
vectorially, they may be represented as a longi
tudinal tension in the EF direction, or as a longi
tudinal compression in the GH direction. Consider 
the charge displacement from the point of view of 
a GH compression. Note that each of the positive 
charges is forced to shift slightly in the + Y direc
tion, whereas each of the negative charges is dis
placed in the - Y direction. The net separation of 
the centers of charge thus causes the Y axis to 
become positively polarized at its geometrically 
positive end, and negatively polarized at its geo
metrically negative end. 
1-74. Since the compression can be further ana
lyzed into two components of equal magnitude
one horizontal, and the other vertical-it can be 
seen (figure 1-llA) that the polarities which these 
would induce along the X axis tend to cancel (for 
reinforcement to occur, one of the rectangular 
components would need to be tensional and the 
other compressional), and hence little or no polari
zation will appear in this direction. 

MODES OF VIBRATION 

1-75. If a piezoelectric crystal is suddenly released 
from a strained position, the inertia and elasticity 
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of the crystal will tend to maintain a state of 
mechanical oscillation of constant frequency about 
one or more nodal points, lines, or planes of equi
librium, and alternating voltages will appear ac
cording to the particular mode of vibration. These 
are called the normal, or free, vibrations of a 
crystal, as distinct from the forced vibrations due 
to applied alternating mechanical or electrical 
forces that may differ in frequency from the crys
tal's natural resonance. The normal vibrations 
may, .in turn, be of two general types: the free
free and the clamped-free vibrations. Free-free 
vibrations are those which would occur if a vibrat
ing crystal were floating in empty space, where, 
regardless of the particular mode, the center of 
gravity is a nodal point. Clamped-free vibrations 
are those that would occur if a crysta1 were 
clamped at some point, or points, thereby prevent
ing all normal modes except those at which nodes 
occur at the clamped points. For example, in a free
free vibration the ends of the crystal are free to 
move; however, if these ends are clamped, the 
resonant vibrations must be such that the ends 
become nodes. However, if a crystal is clamped 
only at those points which would be nodes in a 
free-free vibration, in the ideal case no interfer
ence results, and the resonance is still that of a 
free-free mode. 
1-76. There are three general modes of vibration 
for which quartz crystal units are commercially 
designed: extensional, shear, and flexure. Funda
mental vibrations of each of these modes are illus
trated in figure 1-12. Higher harmonics up to and 
including the fifth are also widely used. Harmonic 
vibrations higher than the seventh have special 
high-frequency applications, but are rarely em
ployed commerciaHy. 
1-77. A variation of the shear vibration is the 
torsional mode, which is readily excited in cylin
drical crystals; however, except for laboratory 

!Al 

.J:: ;;;v 
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figure 1-12. Useful fundamental modes of quartz 
plates. (A) Flexural. (BJ Extensional or lon9itudlnol. 
(C) Face (or length-width] shear. (DJ Thickness shear.* 
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measurements of the properties of solids and 
liquids this mode is not in general use. 

Frequency of fi)uartz Yibratlon1 

1-78. The frequencies of the normal mechanieal 
oscillations of a quartz plate may be considered as 
those at which standing waves will be established 
by reflection from the crystal boundaries. The posi
tions of the nodes of the standing waves are pre
determined by the geometry of the crystal, and by 
any difference that may exist in the velocities of 
propagation for the different wave components. 
The wavelength of a particular mode (but not the 
wave shape, if the velocity of one component dif
fers from that of another) conforms only to the 
dimensions of the crystal faces. The frequency is 
related to the wavelength by the equation: 

where: v = velocity of propagation 
>- = wavelength 

1-78 (1) 

The fundamental equation of the velocity of propa
gation is: 

v= J, 1-78 (2) 

where: c = stiffness factor in the direction of propa
gation 

or: 

p = density 

V = /T \}ps 1-78 (3) 

where: s = ! = elastic compliance factor in the di-
e rection of propagation 

Length- for Wiclth-) Extensional Mode 

1-79. The motion of the atoms in an extensional 
mode is parallel to the direction of propagation. In 
the case of rectangular plates, stationary waves 
are established in the length direction by the inter
ference of reflections from the opposite ends, 
where the wavelength is given by the formula: 

21 
n 

1-79 (1) 

where I is the length and n is an integer (1, 2, 8, 
etc.) equal to the harmonic. Thus, the frequency 
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of a length-extensional mode is : 

f == !!! 
21 

1-79 (2) 

or, as expressed in terms of a frequency constant: 

f == nk1 
1 

V 

1-79 (8) 

where: k1 = 2 = frequency constant 
for length-extensional mode 

This formula, as well as the similar formulas for 
the shear and flexure modes, can be. used to indi
cate the approximate dimensions required for a 
particular frequency when the appropriate fre
quency constant is known. Although the velocity 
of propagation decreases somewhat as the fre
quency increases, because of an increase in the 
frictional losses, this decrease is negligible for 
most purposes, and the same frequency constants 
that hold for the fundamental are also valid for 
the first few overtones. However, because of the 
coupling that exists between the length-extensional 
mode and other modes, the effective value of k will 
vary with changes in the w/1 (width/length) 
ratio. Equation (3) also applies to width-exten
sional modes except that I is replaced by the 
width, w. 

Thickness-Extensional Mode 

1-80. This mode is little used today because of the 
close coupling that exists between it and the over
tones of other modes. It is a mode that can be 
excited in a crystal whose thickness dimension is 
parallel to the electrical (X) axis (X-cut crystal) 
-the vibrations being such that the crystal alter
nately becomes thicker and thinner. Formerly, 
when X-cut crystals were widely used, the same 
crystal was often employed for the control of 
either a high- or a low-frequency circuit-using 
the thickness-extensional mode for the former and 
the length-extensional mode for the latter. Today, 
however, the more stable thickness-shear mode has 
almost entirely replaced the thickness-extensional 
mode in high-frequency circuits. The thickness
extensional frequency is given by the formula: 

1-80 (1) 

where v is the velocity of propagation in the thick
ness direction, n is the harmonic ( n = 1, 8, 6,-for 
practical cases, although even harmonics of very 
small intensities have been observed), and k2 is 



the generalized frequency constant. Actually, the 
effective thickness, t, decreases somewhat for the 
overtones, so that the correct value of k, is slightly 
greater for the harmonics than for the funda
mental. 

Thickness-Shear Mode 

1-81. The motion of the atoms in a thickness-shear 
mode is parallel to the major (length-width) faces 
of the ceystal, whereas the wave propagation is 
parallel to the thickness dimension. The equation 
for the fundamental frequency when the thickness 
is very small compared with the length and 
width is: 

f = .:!.. 
2t 

1-81 (1) 

where: v = velocity of propagation along thickness 
dimension 

t = thickness 

or, as expressed in terms of a thickness-shear fre
quency constant: 

f = ks 1-81 (2) 
t 

The thickness-shear ie also called the "high
frequency shear" in contradistinction to the "face," 
"length-width," or "low-frequency" shear. The 
overtones of the thickness-shear mode may have 
components (reversals of phase) in the length and 
width directions as well as along the thickness. 
The more general formula for the frequency is: 

f 1-81 (3) 

where m, n, and p are integers representing the 
harmonic component in the t, I, and w directions, 
respectively. The above equation applies to an iso
tropic medium; however, since the elastic con
stants in quartz are not the same in an directions, 
the thickness-shear formula has been modified to: 

/ m2 n2 (p - 1)2 
f == ks \) f + ai"f + ~ w2 

1-81 (4) 

where a, and ai are constants to be determined 
empirically. For most applications, t is much 
smaller than l and w, and n = p = 1, so that the 

formula, f = !f!, is sufficiently accurate. 

Face-Shear Mode 

1-82. The face-shear mode involves a more com~ 
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plex relation among the ceystal dimensions. A 
complication arises from the fact that the wave is 
effectively divided into two components---0ne 
propagated along the length, and the other along 
the width. Each of these separate components has 
its own series of possible harmonics, so that the 
resultant frequencies of the face-shear modes are 
not necessarily integral multiples of the funda
mental. The approximate-frequency equation is: 

1-82 (1) 

where m and n are integers representing the length 
and width harmonics, respectively. The symbol a, 
is a constant of proportionality, approximately 
equal to one, which is inserted when the velocity 
of propagation along w is not the same as that 
along 1. If the face of the plate is square, the 
formula for the fundamental frequency is reduced 
to approximately: 

f = k• 
w 

where: le. = k~ v'2 

1-82 (2) 

The fundamental vibration, where m n 1, is 
shown in figure 1-12C. Note that the shape of the 
deformation is not that of a parallelogram, as it 
would be if the plate were slowly compressed along 
a diagonal. Rather, the vibrational distortion is a 
dynamic one, and the resultant wave must be in 
the same phase at all points. Figure 1-13 repre
sents the face-shear mode form= 6, n = 3. Note 
that the number of nodes in each row is equal to 
m, and the number in each column is equal to n. · 

figu,. 1-13. face-shear mode for m = 6, n = 3. 
Dots lndleote nodes * 
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Le•gth-Wld .. •Flexural Mode 

1-88. The length-width-flexural mode is a bending 
of the crystal in the length-width plane. Normally, 
the crystal is so mounted that the ends are free to 
vibrate in a free-free mode. The formula for the 
frequency involves the root of a transcendental 
equation, but expressed in terms of a frequency 
constant, the equation becomes: 

k5W 

T f 1-83 (1) 

The convenience of a common frequency constant 
for aJI practicable harmonics is not realized in the 
case of length-width flexures, where the<'constant" 
k6 is a function not only of the particular harmonic, 
but also of 1 and w. However, for long, thin rods 

(n~ less than 0.1, where n is the harmonic) ks is 
approximately independent of the dimensions, and 
fixed values of ks can be assumed for the particular 
harmonics of different types of cuts. Because of 
the elastic cross constants in quartz, which relate 
a field in one direction to a polarization in a per
pendicular direction, a flexure may be accompanied 
by a torsion. To prevent this, the length of a crys
tal to be operated in a flexural mode should lie 
somewhere in a YZ plane. 

Length-Thickness-Flexural Mode 

1-84. Length-thickness flexures are used to control 
frequencies in the audio range. To obtain this 
mooe, two long, thin plates of the same cut are 
cemented together with the electrical axes opposed, 
so that, when an alternating voitage is applied 
across the outer faces, one crystal strip expands as 
the other contracts, and vice versa-the over-all 
effect being a flexural vibration. The normal fre
quency of a free-free length-thickness flexure is 
given by an equation similar to that for the length
width flexure, except that the thickness, t, is sub
stituted for the width, w. Thus: 

1--84 (1) 

Frequenc:y Range of Normal Modes 

1-85. Standard quartz crystal units are designed 
for frequencies from 400 cycles to 125 megacycles 
per second. Laboratory devices have employed 
thickness flexure crystals for the control of fre
quencies as low as 50 cycles per second, and, by 
exciting the higher thickness-shear modes, control 
of frequencies higher than 200 megacycles per 
second have been realized. At these high freq,uen-
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cies, however, so many interlock,ing modes are 
possible that it is difficult to prevent a crystal from 
jumping from one mode to another during slight 
variations of temperature, unless a very precise 
fabri.cation of the crystal unit has been achieved. 
The high-frequency limit of the lower harmonics is 
reached when the dimensions are so small that 
either the crystal cannot be driven without the 
risk of shattering, or that the impedances intro
duced by the mounting become proportionately too 
large for practicable operation. 
1-86. The practical frequency ranges of the differ
ent modes are as follows: 
Flexure Mode-

Length-thickness: 0.4 to 10 ke 
Length-width: 10 to 100 kc 

Extensional Mode--
Length: 40 to 350 kc 
Thickness: 500 to 15,000 kc 

Shear Mode--
Face: 100 to 1800 kc 
Thickness (fundamental): 500 to 20,00Q kc 
Thickness (overtones): 15,000 to 125,000 kc 

ORIINTATION OF CRYSTAL CUTS 

Rftllt-Hallded Coordlaat. Syst.111 
1-87. With the positive sense of the quartz X, Y, 
and Z axes determined as in paragraphs 1-52, 1-63, 
and 1-64, the positive sense of rotation about the 
axes is fixed by the conventions of a right-handed 
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f 
l'OSJTIVE OtRECTlONS OF ROTATION ANGLES 
CORRESPOND TO ROTATION OF RIGHT-HANO 
SCREW WHEN THE SCREW ADVANCES 
TOWARDS THE POSITIVE ENO OF THE 
AXIS OF ROTATION, 

figure 1-14. Positive directions of ongle1 of rotation 
according to conventions of rlglit-lianded 

coordinate system 



CQOrdinate system for both right and Jeft quartz. 
If one imagines a' right-handed screw pointing 
towards the positive end of an axis of rotation, as 
represented in figure 1-14, the direction of an angle 
of rotation is considered positive if the rotation 
advances the screw in a positive direction-this 
corresponds to a clockwise rotation if observed 
when looking towards the positive end of the axis 
of rotation. The reverse, or counterclockwise, 

. angles of rotation are taken as negative. The sense 
of the axes are such that the angles of rotation are 
positive when the directions of rotation are from 
+x to + Y, + Y to +z, and +z to +x. The axial 
and rotational conventions permit a partieu]ar cut 
of crystal to have the same rotation symbol for 
both right and left quartz. 

Rotaffo• Symbols 

1-88. To specify the orientation of a piezoid cut, 
the following system, as recommended by the 
I. R. E. in 1949 is in general use. The crystal blank 
to be described is assumed to have a hypothetical 
initial position, with one corner at the origin of 
the coordinate system, and the thickness, length, 
and width Jying in the directions of the rectangular 
axes. There are six possible initial positions, each 
of which is specified by two letters, the first letter 
indicating the thickness axis, and the second letter 
indicating the length axis. These positions are thus 
designated xy, xz, yx, yz, zx, and zy. The xy and yx 
positions are shown in figures 1-15 and 1-16, re
spectively. The starting position is so chosen that 
the final orientation may be reached with a mini
mum number of rotations. These rotations are 
taken successively about axes that parallel the 

X 

flgu,e J.15 xy Initial position for delif,ltafln11 
orientation of crystal cul 
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dimensions of the crystal at the time of rotation. 
Only the first rotational axis will coincide with a 
rectangular axis; however, the positive direction 

· of any axis of rotation is that defined by the XYZ 
system for the initial position. A single rotation is 
sufficient for describing the majority of standard 
cuts, and three rotations is the maximum in any 
case. The dimensions and axes of rotation are indi
cated by the symbols, t, I, and w, for thickness, 
length, and width, respectively. The Greek letters 
.;., 8, and ,; designate the first, second, and third 
angles of.rotation, respectively. The folJowing ex
ample, illustrated in figure 1-17, is a complete geo
metrical specification of a crystal plate: 

yztwl 30°/15°/25° 
t = 0.80 ± 0.01 mm 
I 40.0 ± 0.1 mm 

w = 9.00 ± 0.08 mm 

The lettered combination at the beginning of the 
specification is called the "rotation symbol." The 
first two letters, yz, of the symbol indicate the 
initial position, and the next three letters, twl, 
state the axes of rotation and the order in which 
the rotations are taken. The three angles, all posi
tive in this case, give the orientation and are listed 
in the same order as the respective rotations. The 
dimensions listed are those of the particular plate, 
and are not to be considered as necessary specifi
cations for that type of cut. For circular plates, 
the initial position will indicate which directions 
are to be considered thickness and length, so that 
the same rotation symbol is used as for rectangular 

X 

11gu,e 1-16 yx Initial po,hlon for d•lllfl,..,l"fl 
orientation of c,yttal cul 
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figure J -17 Orientation of crylltal ltaving the rotational 1peclffcatlon1 yztwl: 30° /JS O /25 ° 

plates; in specifying the dimensions. however, l 
.and ware replaced by the diameter. 

PIEZOELECTRIC ELEMENTS 

1-89. The performance characteristics of a crystal 
plate are dependent on both the particular cut and 

the mode of vibration. For convenience, each "cut
mode" combination is considered a separate "pie
zoelectri.c element." and the more commonly used 
elements have been assigned a letter symbol. For · 
example, the thickness-shear mode of the AT cut 
is designated as element A. 

STANDARD 9UARTZ ELEMENTS 

1-90. The principal quartz elements are given be
Jow, with those which have been assigned element 

Element Name of Rotation Symbol and 
Symbol Cut Orientation 

A AT yxl 36°21' or yzw 35°21' 

B BT or YT• yxl -49°8' or yzw -49°8' 

C CT yxl 37°40' or yzw 87°40' 

symbols listed first. 

Mode of Vibration 

thickness-shear . 

thickness-shear 

face-shear 

D DT yxl -52°30' or yzw -52°30' face-shear 

E +s0 x xyt l:i" length.extensional 

Frequency 
Range in KC 

500 to 125,000 

1,000 to 75,000 

300 to 1,100 

60 to 500 

50to 500 

• The YT cut, which is essentially the same as the BT cut, was developed independently by Yoda in Japan. 
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Section I 
Standard Quartz Elements . 

Element Name of Rotation Symbol and Mode of Vibration 
Frequency 

Symbol Cut Orientation Range in KC 

F -18.5°X xyt -18.5° length-extensional 60 to 300 

G GT yxlt -51°7.5' /45° width-extensional 100 to 550 

H 5°X yxt 5° length-width flexure 10 to 50 

J Duplex 5°X xyt 5° (right quartz) and xyt 5° length-thickness flexure 0.4 to 10 
(left quartz) 

M MT xytl oo to 8.5° /±34° to ±50° length-extensional 50 to 500 

N NT xytl oo to 8.5° /±38° to ±70° length-width flexure 4 to 100 

AC yxl 31° or yzw 31° thickness-shear 1,000 to 15,000 

BC yxl -60° or yzw -60° thickness-shear 1,000 to 20,000 

ET yxl 66°30' or yzw 66°30' combination flexure 600 to 1,800 
and face-shear 

FT yxl -57° or yzw -57° combination flexure 150 to 1,500 
and face-shear 

V xzlw or xywl 15° to 29° /-14° thickness-shear 1,000 to 20,000 
to -54° and 13° to 29° /27° to 42° ( fundamental) 

V xzlw or xywl 0° to 30° /±45° to face-shear 60 to 1,000 
±70° 

X xy length-extensional 40 to 350 

X xz width-extensional 125 to 400 

X xy or xz thickness-extensional 350 to 20,000 

y yx or yz thickness-shear 500 to 20,000 

TYPES OF CUTS 

1-91. The standard quartz elements can be divided 
into two groups : m the first group belong those 
crystals which are most conveniently described as 
being rotated X-cut crystals, and in the second 
group belong those crystals which are most con
veniently described as being rotated Y --cut crystals. 
The first will hereafter be designated as the· X 
group, and the second as the Y group. 

of crystals is theoretically possible, where the 
initial position is a Z cut (thickness parallel to the 
Z axis) ; however, because the piezoelectric effect 

1-92. The X and Y cuts have their thickness di
mensions parallel to the X and Y axes, respectively, 
with the length and width dimensions parallel to 
the two remaining axes. See figure 1-18. Thus, in 
describing a crystal orientation, the X cut is the 
equivalent of the two initial positions xy and xz, 
and the Y cut is represented by the initial positions 
yx and yz. Belonging to the X and Y groups, then, 
are those crystals whose rotation symbols begin 
with the letters x and y, respectively. As a general 
rule, from the X group, the low-frequency crystal 
units are obtained, and from the Y group, the 
medium- and high-frequency units. A third group 
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is restricted to the X and Y axes, the electrodes 
must be placed across one of these axes, which for 
the Z cut, would be at the edges--not a convenient 
location. Nor have other cuts, more or Jess simply 
oriented reJative to a Z cut, been found to have 
optimum performance characteristics. However, 
there are experimental Z cuts, such as some of the 
ring-shaped crystals, which have proven of high 
quaJity, even though not practical for general use. 

TIie X Group 

1-93. The principal crystals of the X group are 
listed below with the frequency ranges for which 
they have found commercial application: 

Name of Cuts Frequency Range in KC 
X 40 to 20,000 
5°X 0.9 to 500 
-18°X 60 to 350 
MT 50to 100 
NT 4to50 
V 60 to 20,000 

z 

1--------------v 

IAlX CUT 
X 

X 
19) 5• x CUT 

Figure 1-19 shows the orientations of an xy initial 
position (X cut with the length parallel to the Y 
axis) for the various cu'!',. 

z 

X 

ICl-le•x CUT 

z' z 

1ST ROTArtON 

X 
Z' 

IND ROTA1'10N 

)( 

ID) MT CUT 

Figure 1-19. 1he X group. (Tlte HCOnd rotations ol th MT, NT, and V cuts are shown only for the positive angles) * 
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Standard Quartz Elements 

THE X CUT 

1-94. The X cut was the original quartz plate in
vestigated by Curie, and thus is sometimes called 
the "Curie cut." This cut was also the first to be 
used as a transducer of ultrasonic waves and as the 
control element of radio-frequency oscillators. 
However, because of its comparatively large co
efficient of temperature, the X-cut plate is now 
rarely used in radio oscillators. As a transducer of 
electrical to mechanical vibrations, especially at 
high frequencies of narrow bandwidth, the X cut 
has a high electromechanical coupling efficiency, 
and is still widely used to produce ultrasonic waves 
in gases, liquids, and solids. These applications are 
largely for testing purposes, such as the measure
ment of physical constants and the detection of 
flaws in metal castings. 

1-95. CHARACTERISTICS OF X-CUT PLATES 
IN THICKNESS-EXTENSIONAL MODE 

Description of Element: X cut; xy or xz; thick
ness-extensional mode. 

Frequency Range: 350-20,000 kc (fundamental 
vibration) ; lower frequencies when coupled 
as transducer for generating vibrations in 
liquids and solids. 

Frequency Equation: f = n:• (n = 1, 3, 5, ... ) 

Freqiwney Constant: k2 = 2870 kc-mm. 
Temperature Coefficient: 20 to 25 parts per million 

per degree centigrade ; negative (i.e. for each 
degree increase or decrease in temperature, 
the frequency respectively decreases or in
creases 20 to 25 cycles for each megacycle of 
the initial frequency-a rise in temperature 
of 10°C would thus cause the frequency of a 
5000-kc crystal to drop 1000 to 1250 cycles 
per second.) 

*Methods of Mounting: Sandwich and unclamped 
air-gap-for oscillator circuit; transducer 
mounting depends upon particular type of 
mechanical load. 

Advantages: Mechanical stability, economy of cut, 
efficiency of conversion of electrical to me
chanical energy, and large frequency constant 
make this piezoelectric element preferred for 
the radiation of high-frequency acoustic 
waves when the ratio of the highest to the 
lowest frequency need not exceed 1.1. 

Disadvantages: Large temperature coefficient, 
tendency to jump from one mode to another, 
and the difficulty of clamping crystal in a 
fixed position without greatly damping the 

• See paragraphs 1-132 to 1-171. 
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Figure 1-20-. frequency constant for le"flth-exten
sional mode (curve A) of X-cut crystal where the 
width and len(lth are parallel to the Z and Y axes, 
respectively. Curve 8 is the frequency constant of a 
face-shear mode eoupled to a second flexural mode, 
whose Interference moltes the crystal useless for w/1 
ratios between 0.2 and 0.3, unless the thlckneu 

approaches the dimensions of the width * 

normal vibration prevent this element from 
being preferred for oscillator control. An 
electromechanical coupling fador of 0.096, 
which is only one-fourth that of the best syn
thetic crystals, makes this element inefficient 
as a radiator of a wide band of frequencies. 

1-96. CHARACTERISTICS OF X-CUT PLATES 
IN LENGTH-EXTENSIONAL MODE 

Description of Element: X-cut; xy; length-exten-
sional mode. 

Frequency Range: 40-350 kc. 

Frequency Equation: f = nt (n = 1, 2, 3, •.• ) 

Frequency CMl8tant: Varies with w /1 ratio-see 
figure 1-20. 

Temperature Coefficient: Negative"'*, varies with 
w /1 ratio-see figure 1-21 ; zero coefficient if 
w/1 = 0.272 and w = t. · 

Methods of Mounting: Sandwich, air gap, wire, 
knife-edge clamp, pressure pins, cantilever 
clamp; more than one pair of electrodes re
quired for overtones; transducer mounting de
pends upon particular type of mechanical load. 

.,. All quartz bars have negative temperature eoeffleient& 
for pure length-exten11ional vibrations, although a zero 
coefficient is obtainable for certain cuta. 
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figure 1-21. Temperature coefficient for length-ex
tensional mode of X-cut crystal, where w is parallel 

to tbe Z axis, ancl t = 0.051 

Advantages: For w/1 ratios from 0.35 to 1.0, the 
fundamenta] length-extensional vibration is 
not strongly coupled to other modes, and hence 
the resonance is easily excited and of good 
stabiJity except for drift during temperature 
variations. Although not preferred over zero-
temperature-coefficient cuts, this element, 
with temperature control, is reliable for use 
in low-frequency oscillators, and for long, 
thin bars, for use in filters. H?>wever, its most 
important application is to produce ultrasonic 
vibration in gases, liquids, and solids, when 
the ratio of highest to lowest frequency need 
not exceed 1.1. 

Di.sadvantages: Inefficient as transducer of any 
but narrow frequency band, since electro
mechanical coupling is only one-fourth that of 
the better synthetic crystals. Strong coupling 
with a flexural mode makes the crystal use
less at w /I ratios between 0.2 . and 0.3 (see 
figure 1-20), and a weak coupling with a shear 
mode causes the frequency constant to de
crease as the w /1 ratio approaches 1.0. This 
coupling to other modes interferes with the 
frequency response of the element when used 
in filters, unless the w /1 ratio is 0.1 or less. 
Although for long thin bars the temperat\lre 
coefficient is only about 2 parts per million per 
degree, this is greater than the minimum ob
tainable with 5°X-cut bars. 

1-97. CHARACTERISTICS OF X-CUT PLATES 
IN WIDTH-EXTENSIONAL MODE 

Description of Element: X-cut; xz; width-ex-
tensional mode. 

Frequency Range: 125 to 400 kc. 

Frequency Equation: f = n!• (n = 1, 2, 3, ..• ) 

Frequency Constant: Varies with w/1 ratio; see 
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IIO KC 

0 +--+--.--+--+-----¼--1--1-----
0.1 0.2 0.3 o.4 o.s o.6 o:r o.a 

WIOTM 111 INCHES 

figure J-22. frequency characterf,tics of X-cuf crystal 
vibrating in width-extensional mode, where the width 
ls parallel to the Y axi•. w/1 ratios not included 
between the two outer curves will have interfering 

mocles. IC, is In lcc-inche1 

figure 1-22, which shows the face dimensions 
that wilI have a single frequency near the de
sired resonance. Plates with dimensions not 
included between the two outer curves will 
have interfering modes. 

Temperature Coefficient: Negative; approximately 
10 parts per million per degree centigrade, but 
varies with w /1 ratio. 

Methods of Mounting: Sandwich, air gap, wire, 
knife-edge clamp, pressure pins, cantilever 
clamp. 

Advantages: If cut with dimensions within the 
single-frequency range shown in figure 1-22, 
this element can be used in temperature-con
trolled low-frequency oscillators and narrow
band-pass filters. With the thickness dimen
sion ground for a particular high frequency, 
the same crystal unit may be used to generate 
either of two widely separate frequencies. 

Di.sadvantages: Relatively large temperature co
efficient prevents this element from being pre
ferred over the low-coefficient cuts. 
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THE 5° X CUTS 

1-98. The 5°X cut is the orientation that provides 
a zero tumperature coefficient for the lengthwise 
vibrations of long, thin X bars, as shown in figure 
1-23. Thus, this cut is preferred over the non
rotated X cut for use in low-frequency filters and 
control devices. Its length-extensional, length
width-flexural, and duplex length-thickness-flex
ural modes are defined as the elements E, H, and 
J, respectively; the last named element, J, provid
ing the lowest frequencies. However, the 5°X ele
ments are also coupled to the other modes, so that 
for w /I ratios much greater than 0.1 the frequency 
spectrum is little improved over that of the length
extensional mode of the X cut. Furthermore, as the 
w /1 ratio increases, so also does the temperature 
coefficient. For these reasons the 5"X elements are 
especially advantageous ouly when the w /1 ratio 
is 0.1 or less. These long, thin bars are used com
mercially for the control of low-frequency oscilla
tors and as filters, and are particularly adaptable 
for use in telephone carrier systems. 

1-99. CHARACTERISTICS OF ELEMENT E 

Description of Element: 5"X cut; xyt: 5°; length-
extensional mode. 

Frequency Range: 50 to 500 kc. 

Frequency Equation: f = °f 1 (n = 1, 2, 3, ... ) 

Frequency Constant: Varies with w/1 ratio (see 
figure 1-24)'. 

Temperature Coefficient: Varies with w /1 ratio 
(see figure 1-25, which holds for temperatures 
between 45 and 55 degrees centigrade). The 

0 
-40 -30 -20 -10 0 IO 20 30 «l !IO 

ANGLE OF ROTATION AMOIJND THE X AXIS 

Figure 1-23. Temperature coelRcient foi' length-ex
tensional mode of lon9, thin X-11roup bars versua 

angle of rotation * 
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frequency deviation of represenqitive E ele
ments of different w /1 ratios ie shown in fig
ure 1-26, where the initial frequency is taken 
at 25°C. 
Note that the temperature coefficient in parts 
per hundred per degree is the slope of a curve, 
and varies from positive to zero to negative 
as the temperature increases. 

Methods of Mounting: Wire, knife-edge clamp, 
pressure pins, cantilever clamp; more than 
one pair of electrodes required for overtones. 

Ad.vantages: The low temperature coefficient and 
a large ratio of stored mechanical to electrical 
energy make this element..preferred for filter 
networks. Long, thin bare have only a very 

-so 
-28 

-2• 
;;-2• 

1£ :! -22 
"'!ii 2~-20 
t: z -18 

~z'-111 
uo 

:J -•• ..... !l i _, 2 

!ii er: -10 

ei r -a 
i I!! -e 
"'er: 
1- f -4 

-2 

0 

J 
I 

I 

' 7 
I 

7 

, 
I 

\ II 
\ ,, 

j 

L/ 
0 0.1 0.2 0.$ 0.4 O.& 0.6 0.7 0.1 0.9 1.0 

RATIO OF WIDTH TO LENGTH 

FlfluN 1-2.5. remperature coefficient versus w/1 ratio 
for elenMnt I at temperatures between 45° and .5.5°C * 



+ 

0.002 

0. 

0.001! 

ooog 

0008 

0.0IO 

0.012 

0.014 

0.0lt 

0.018 

0.020 
0.0112 

0.Ot4 

O.0H 

0.028 

-.. ' .,. V 

' 1./ II,. l'f+ "'-
I/ I/ ,"', I\. 

I/ J \ ,\\ ' 

"' 1 \ 't!.,.L , 
ii J .\ 

. 

I I \ 
,, 

I 

' \ \ 
J :, \ 

I 
j \ 1 

7 \ \ 

' ' 'i~--7 .I ·-
I \ lj·5"r 

\J•.45 
-~ 20 0 20 ~ ~ +~ 

TEIIIP£RATUl'IE ("Cl 

Figure r-26. Percentaoe frequency deviation for I 
elements of vatlov1 w/1 ratios. Initial 

tempercrfure = 25°C 

weak coupling to other modes and are used 
for both filter networks and low-frequency 
oscillators. If a w /I ratio greater than 0.15 is 
desired, a ratio of approximately 0.39 is opti
mum insofar as a low temperature coefficient 
is concerned. 

Disadvantages: At w /I ratios between 0.2 and 0.3 
the length-extensional mode is so closely 
coupled to the length-width flexure that the 
crystal is useless ; as the width is increased 
the coupling of the length-extensional to the 
face-shear mode becomes stronger, and the 
temperature coefficient becomes larger. How
ever, because of-the large electro-mechanical 
coupling of this element, w /1 ratios of 0.35 to 
0.5 can still be favorably used in filters if a 
temperature coefficient less than 4 parts per 
million is not required. 

1-100. CHARACTERISTICS OF ELEMENT H 

Description of Element: 5°X cut; xyt: 5°; length
width flexure mode. 

Frequency Range: 10 to 100 kc. 

i I I 111 ~Bf IJ,H. 
-~ J i J 

w11-

Figure J-27. lrequency constant nm,s w/f rcrflo 
lot element H 

WADC TR 56~156 27 

0 l!l Ii;: 
2 ~ -18 

Z = -16 - ... 
!ii w -14 

-~ II,! -12 
!:! "' ...... 
::; o -ro 
0"' u ... -8 ..... 
ct: z -6 
i: 2 4 _, -4 
ct:_, 

I 

v 

/ ,_, 

17 

/ 

Section. I 
Standard Quartz Elements 

. ,_.., 

I 

ii -2 

~ ~ 0 o 0.1 0.2 o.s o.• o.s 0.1 0.1 o.e 0.11 r.o 
i 

RATIO OF WIDTH TO LENGTH 

ligure 1-28. Temperature coeffJeient versu1 w/1 ratio 
for element H * 

Frequency Equation: f = nk.w/12, (n = 1, 2, 3, 
... ) 

Frequency Constant: Varies with w/1 ratio (see 
figure 1-27). 

Temperature Coefficient: Varies with w/1 ratio 
(see figure 1-28). 

Methods of Mounting: Wire, in vacuum; free-free 
flexures of long, thiu bars have nodal points 
for the fundamental vibration at a distance 
of 0.224 x 1 from the ends; two electrically 
opposite pairs of electrodes are plated on each 
side of the YZ faces, with "ears" at the nodal 
points for soldering to the mounting wires. 
See figure 1-29. When the polarity of the lower 
electrodes causes a contraction of the bar, the 
polarity of the upper electrodes causes an ex
tension, and vice versa-the over-aJl result 
being a flexural deformation. 

Advantages: For long, thin bars the length-width 
flexural mode is resonant at much lower fre
quencies than is the length-extensional mode. 
This advantage, combined with the favorable 
electro-mechanical coupling, and reasonably 
low temperature coefficient, has made this ele
ment useful in very-low-frequency filters 
where only a single frequency is to be selected. 
When mounted in vacuum, a Q of 30,000 is 
obtainable. 

Figure J.ff. Element H, sbowlng division of electrode 
plating for exciting fundamental mode. Slmllarly 
divided electrodes ant on reverse side. The nodal 
"ears," where tlte mounting wire, are affaclted, are 
a, a distance of approximately 0.224 times_ the length 

from the ends • 
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figure 1-32. frequency constant versus w/1 ratio for 
various resonances of -18° X-cut crystal. A Is tfte 
width-extensional mode. 8 is tfte face-1heor mode, 
which, at small w/1 ratios, is strongly coupled to D, 
the second flexural mode. C represents the band 
between the ant/resonant (upper curve) and the ,.._ 
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onant (lower curve) frequencies of tlte length-exten-

. sional mode of element f. Note the weak coupling 
ltetween C and D-8 • 
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Disadvantages: The ratio of stored mechanical to 
electrical energy is not as large as that of the 
length-extensional mode, and because of this, 
the element does not give as broad a band-pass 
spectrum. Also, the effect of the shear stresses 
causes the temperature coefficient to become 
highly negative as the w /1 ratio is increased. 
Finally, the damping effect of the air is 
greater for flexural than for other vibrations, 
so that flexure crystals should be mounted 
only in evacuated containers. 

1-101. CHARACTERISTICS OF ELEMENT J 

Description of Element: Duplex 5°X cut; xyt: 5° 
(right quartz), and xyt: 5° (left quartz); 
length-thickness flexure mode. 

Frequency Range: 0.4 to 10 kc. 
Frequency Equation: f = nk.t/11 (n = 1, 2, 3, 

. : .) 
Frequency Constant: Varies with t/1 ratio (see 

figure 1-30). 
Temperature Coefficient: Varies with both the t/1 

ratio and the temperature; figure 1-31 shows 
the total relative frequency deviation of two 
elements of different t/1 ratios, the initial fre
quencies being those at 25°C. The temperature 
coefficients in parts per hundred at a given 
temperature are the slopes of the curves at 
that point. Note that the temperature at which 
a zero coefficient is obtained increases as the 
t/1 ratio decreases. At temperatures below 
that of a zero-coefficient point, the coefficient 
is positive; at temperatures above, it is nega
tive. 

Methods of Mounting: Headed-wire, in vacuum; 
two thin plates are cemented together with 
polarities opposed so that only one pair of 
electrodes, plated on opposite YZ faces, are 
required; the crystal element is supported at 
the nodal points, which for the fundamental 
vibration are at a distance 0.224 x I from 
each end. 

Advantages: Small temperature coefficient and 
low resonant frequencies ( among the lowest 
obtainable with quartz) make this element 
useful in providing stable control for sonic
frequency oscillators, and as a component of 
single-frequency filters. 

Disadvantages: Not economical for control of fre
quencies above 10 kc. 

1-102. CHARACTERISTICS OF ELEMENT F 

Description of Element: -18.5°X cut; xyt: 
-18.5°; length-extensional mode. 

Frequency Range: 60 to 300 kc. 
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Frequency Equation: f = n~, (n = 1, 2, 3, ... ) 

Freq.uency Constant: Varies slightly with w/1 
ratio (see figure 1-32). 

Temperature Coefficient: 25 parts per million per 
degree centigrade-varies very little with 
changes in the w /1 ratio. 

Methods of Mounting: Wire, knife-edge clamp, 
pressure pins, cantilever clamp ; more than 
one pair of electrodes required for overtones. 

Advantages: The extremely weak coupling of this 
element to the face-shear and. second flexure 
modes, represented by curves B and D, re
spectively, in figure 1-32, permits a better 
frequency spectrum than can be obtained with 
element E for w /1 ratios greater than 0.1. For 
this reason, the F element used to be pre
ferred over the E element as a •filter plate, 
and was the principal quartz element in the 
channel filters of coaxial telephone systems. 
This is no longer true because channel filters 
now use +5°X plates which are smaller and 
conserve quartz. 

Disadvantages: Relatively large temperature co
efficient prevents this element from being pre
ferred for oscillator control or as a channel 
filter if wide variations in temperature are to 
be expected. Also, the F plate is larger than 
the E plate of ,the same frequency and thus 
consumes more quartz. 

1-103. CHARACTERISTICS OF ELEMENT M 

Description of Element: MT cut; xytl: 0° to 8.5° / 
±34 ° to ± 50° ; length-extensional mode. 

Frequency Range: 50 to 500 kc. 

Frequency Equation: f = nf 1 (n = 1, 2, 3, ... ) 

Frequency Constant: Varies with w /1 ratio and 
angles of rotation (see figure 1-33). 

Temperature Coefficient: Varies with w /1 ratio 
and angles of rotation (see figure 1-34), and 
with the temperature. The total relative fre
quency deviation of an 8.5° /±34° M element, 
where the initial frequency is taken at 40°C, 
is shown in figure 1-35. Note that the tem
perature coefficient, which is the slope of the 
curve, changes from positive to negative as 
the· temperature increases, with the zero co
efficient occurring at 63°C. 

Methods of Mounting: Wire, knife-edge clamp, 
pressure pins, cantilever clamp; more than 
one pair of electrodes required for overtones. 

Advantages: The MT crystals were developed in 
an effort to overcome the large negative tem
perature coefficients of the X-cut and the 5°X-
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cut length-extensional modea for the larger 
w /I ratios. See figures 1-21 and 1-25. The un
favorable temperature characteristics are 
caused by the coupling of the extensional to 
the face-shear mode, the latter having a high 
negative temperature coefficient. However, if 
the ceystal is rotated about its length, an 
orientation will be found where the face-shear 
mode has a zero temperature coefficient; that 
is, the coefficient" will pass from negative to 
positive values. The low temperature coeffi
cient of the length dimension will thus be pre
served even though the coupling to the shear
mode has not, itself, been diminished. The 
low temperature coefficient makes the M ele-
ment advantageous for oscmator control in 
the 50-to-100 kc range, and for use in narrow 
band filters, such as pilot-channel filters in 
carrier systems, where wide temperature 
ranges are to be encountered. The 8.5° /34° 
rotation with a w /1 ratio of approximately 
0.42 provides the greatest electromechanical 
coupling of the M elements, and hence the 
broadcast bandpass of the MT cut for use in 
filters. 

Disadvantages: The electromechanical coupling 
rapidly decreases as the w /I ratio increases, 
so that at ratios greater than 0. 7 the element 
is too selective for filter use, and of too small 
a piezoelectric activity to be advantageous for 
oscillator control. Maximum electromechani
cal coupling is obtained with w /I ratios of 
0.39 to 0.42 ; but for a maximum bandwidth 
the E element is preferred. Although the in
terference of the face-shear temperature co
efficient is reduced, the coupling to that mode 
remains relatively strong; so where the tem
perature varies very Htt]e, or where the sec
ondary frequency effects are undesirable, the 
F element is preferred. 

1-104. CHARACTERISTICS OF ELEMENT N 

Description of Element: NT cut; xytl: 0° to 8.5°/ 
±38° to ±70°; length-width flexure mode. 

Frequency Range: 4 to 100 kc. ,. 

Frequency Equation: f = n~!w (n = 1, 2, 3, ••. ) 

Frequency Constant: Varies with w/1 ratio (see 
figure 1·36). 

Temperature Coefficient: For w ;1 ratios of 0.2 to 
0.5, low coefficients are obtained by double 
rotations of 0° to +8.5° /±50°. Typical fre
quency deviation curves are shown in figure 
1-37, where the initial temperature is taken 
at 25°0. Note that a zero temperature coeffi-
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clent occurs at approximately 10°C. To pro
duce a zero temperature coefficient at 25°C 
for w /I ratioa of 0.05, the angles of rotation 
should be as shown in figure 1"88. 

Meth.od8 of Mounting: Wire, in vacuum; special 
characteristics are the same as for the H ele-
ment. See paragraph 1-100. 
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Advantages: The principal advantage of the N 
element is that the second rotation reduces 
the temperature coefficient for the flexure vi
bration of long, thin crystals. This is accom
plished by changing the width from near 
parallelism to the Z axis to near parallelism 
to the X axis. Theoretically the ideal rotation 
would be 90°, except that the piezoelectric 
effect would be reduced to zero. Aa a compro
mise, secondary rotations, about the length, 
of 39° to 70° are.made. Besides reducing the 
flexure-mode temperature coefficient of the 
long, thin crystals, the rotation also reduces 
the negative coefficient for the shear modes 
at the higher w /1 ratios, as in the case of the 
M element. Where · wide temperature ranges 
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must be met, this element is preferred for 
very-low frequency oscillators, and 'in single
frequency filter selectors. As the control ele
ment of an oscillator, it can maintain the 
frequency within .±0.0025% over a normal 
room-temperature range without temperature 
control. 

Disadva:ntages: The electromechanical coupling is 
rather weak, more so for the larger than for 
the smaller w /I ratio. As a consequence, the 
bandwidth is too narrow for the element to 
be used as a band-pau filter of communica
tion channels, and the piezoelectric activity is 
so low that special circuits are required for 
its use in oscillators. 
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THE V CUT 

1-105. The V cut, developed by S. A. Bokovoy and 
C. F. Baldwin of RCA, is actually an entire aeries 
of cuts obtained by a sequence of double rotations 
of an initial X-cut plate. The first rotation angle, 
+, is taken about the Z azis, and the second rota
tion angle, 6, is taken about the Y' axis (the di
mension of the crystal that is initially parallel to 
the Y axis). For each angle.;, there is an angle 9 
at which the crystal will have a given temperature 
coefficient for a particular mode of vibration. Nor
mally, the combination of angles desired is one 
that will provide a zero temperature coefficient; 
however, it may be that a small positive or nega
tive coefficient is required to counterbalance an 
opposite temperature coefficient inherent in the 
external circuit to which the crystal is to be con
nected. For this purpose curves of 9 plotted against 
+· are shown in figures 1-40 to 1-41 for small posi
tive and negative temperature coefficients, aa well 
as for a zero temperature coefficient. Other If, and 
6 combinations may be extrapolated to give tem
perature coefficients differing from the actual 
values shown. It should be noted that when the 
rotation about the Z axis is equal to ±30°, the 
thickness dimension becomes parallel to a Y axis, 
and hence the crystal is in the position of the Y 
cut, with the Y' axis coinciding with an X axis. 
Thus, if • = ±30°, the V cut is essentially the 
same as a rotated Y cut, and in this case would 
embrace practically the entire Y family. On the 
other hand, if q, = 0°, the V cut becomes simply 
a singly rotated X cut-but with rotations about 

the Y axis, not the X axis as in the case of the 
5°X and the -18°X cuts. However, when q, = 0°, 
the V cut does overlap the MT and NT cuts. 

1-106. CHARACTERISTICS OF V-CUT 
PLATES IN THICKNESS-SHEAR MODE 

Description of Flement: V cut; x~lw or xywl: 15° 
to 29°/-14° to -54° and 13° to 29°/27° to 
42° (see temperature coefficient curves in fig
ure 1-40 for exact q, and fJ combinations); 
thickness-shear mode. 

Frequency Range: 1000 to 20,000 kc (funda
mental); higher frequencies on overtones. 

Frequency Equation: f = ~s (fundamental vibra

tion when t < < 1 and w). Figure 1-89 shows 
the frequency constant of the zero-tempera
ture-coefficient series of V cuts as a function 
of the first rotation angle. The upper curve, 
designated ka ( +e), applies to positive angles 
of fJ, the second rotation, whereas the lower 
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curve, designated ks ( -6), appJiea to nega.. 
tive angles of 9. 

Temperature Coefficient: Figure 1-40 shows the 
combinations of • with positive values of I 
that provide temperature coefficients of +15, 
0, and -16 parts per million per degree centi
grade, and those combinations of ,f, with nega
tive values of 9 that provide temperature 
coefficients of +5, 0, and -5 parts per· mil
lion per degree centigrade. 

Methods of Mounting: Sandwich, air gap, clamped 
air-gap, button. 

Advantages: The principal advantage of the V cut 
is that a given temperature coefficient may 
be obtained from a large choice of orienta
tions, and with a minimum in trial-and-error 
procedure. Not only can a series of zero
coefficient plates be obtained, but also plates 
with coefficients of desired sign and magni
tude for annulling the known frequency-tem-
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perature effects of the circuits in which the 
plates are to be used. The V cut is the only 
member of the X group that provides a zero 
temperature coefficient for high-frequency 
vibrations; and because of the large choice of 
rotation angles, one or the other of the V 
orientations will frequently permit the maxi
mum use of an unfaced or badly twinned 
mother crystal. Because their larger fre
quency constants permit a thicker and less 
fragile crystal, the orientations with a nega
tive fJ are preferred for the higher frequen
cies. Also, small deviations in negative values 
of fJ produce less variation in the temperature 
coefficient than do the same deviations in posi
tive values of 6. Hence, the negative orienta
tion.s of 6 are also generally more dependable 
for obtaining a desired temperature coeffi
cient. On the other hand, positive values of fJ 
permit a less bulky crystal for the lower fre
quencies, a less critical frequency constant, 
less interference from spurious frequencies, 
and for accurately determined orientations, a 
broader temperature deviation for a given 
deviation in frequency. At <f> = 30°, the values 
of 6 = -49°, +31°, and +35°31' are substan-
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tially the same as the BT, AC, and AT cuts, 
respectively, of the Y group, as described in 
paragraphs 1-114, 1-111, and 1-112. The.chief 
use of the thickness-mode V cut is for the 
control of high-frequency oscillators. 

Disadvantages: The possibility of spurious fre
quencies close to the desired fundamental is 
the most troublesome limitation of the V cut 
operating in a thickness-shear mode. As a 
general rule, the coupJing between the desired 
and the stray modes diminishes as the initial 
rotation 4> is increased. At values of c/> less 
than 18°, the interference is too great for sta
ble operation, Because of the relatively poor 
frequency spectrum, the V cut is not readily 
adaptable for use in selective networks. With 
a certain amount of cut-and-try experimenta
tion, the more objectionable modes may be 
reduced by grinding down the width and 
length dimensions. For angles of 4> close to 
30° the length and width dimensions most 
important to avoid are approximately the 
same as those given in paragraphs 1-112 and 
1-114 for the AT and BT cuts, respectively. 

1-107. CHARACTERISTICS OF V-CUT 
PLATES IN FACE-SHEAR MODE 

Description of Element: V cut; xzlw or xywl: 0° 
to 30° /±45° to ±70° (see temperature co
efficient curves in figure 1-41 for exact q, and 
(J combinations) ; face-shear mode. 

Frequency Range: 60 to 1000 kc. 
Frequency Equation: f = k./w (fundamental for 

square plates). 
Frequency Constant: Insufficient data exist to plot 

the curve of k, for all the combinations of </, 
and fJ corresponding to this element. However, 
in the case of the zero-coefficient plates, as 
the positive value of fJ approaehes 87 .5°, k, 
approaches 8070 kc-mm, and as the negative 
value of fJ approaches -52.5°, k, approaches 
2070 kc-mm. 

Temperature Coeffici,ent: Figure 1-41 shows the 
combinations of 4> and 6 that provide tem
perature coefficients of +5, 0, and -5 parts 
per million per degree centigrade. 

Method.a of Mounting: Wire, cantilever clamp. 
Ad.vantages: The principal advantage is the low 

temperature coefficient, which makes the ele
ment useful for low-frequency oscillators and 
filters. The large choice of orientation angle• 
is also advantageous for obtaining the maxi
mum number of cuts from a given mother 
crystal, particularly if the presence of twin
ning or other defects limit the. dimensions in 
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the directions at which rough bars would 
normally be cut. Also, the angles for small 
predetermined positive and negative coeffi
cients permit a crystal to be cut which can 
exactly annul the known temperature effects 
of the external circuit. As indicated in figure 
1-41, small deviations in the orientations 
angles will cause minimum deviations in the 
temperature coefficient when </> = 0° to 15°, 
and 8 is negative. On the other hand, maxi
mum piezoelectric activity is obtained when 
</> is large, and 6 is positive. As a general rule, 
the positive values of ti are used for the higher' 
frequencies and the negative values of 6 for 
the lower frequencies. The zero-temperature 
euts for 4> = 30° are substantially the same 
as the CT and DT cuts of the Y group. _See 
paragraphs 1-115 and 1-116, respectively. 

Disadvantages: Care must be taken that flexure 
modes are not strongly coupled to the face
shear mode. Such coupling may be reduced 
by making the plates square, or nearly so. For 
angles of 4> approaching 30°, the thickness 
should be approximately within the limits 
given for the C and D elements in paragraphs 
1-115 and 1-116. 
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11Mt Y Grnp 
1-108. The principal crystals of the Y group are 
listed below with the frequency range for which · 
they have found commercial application: 

Name of Cut Frequency R,ange in KC 
Y 1000 to 20,000 

AC 1000 to 15,000 
AT 500to 100,000 
BC 1000 to 20,000 
BT 1000 to 75,000 
CT 300to 1100 
DT 60to 500 
ET 600 to 1800 
FT 150 to 1500 
GT l00to 660 

Figure 1-42 shows the orientations of a yx initial 
position (Y cut with the length parallel to the X 
axis) for the various cuts. In special cases the 
width may be parallel to the X axis, but this is 
the exception rather than the rule, unless the plate 
is square or circular. With the exception of the GT 
cut, the crystals of the Y group are used in their 
shear modes--face shear for the low-frequency 
elements, and thickness shear for the high-fre
quency elements. The Y cut, itself, has a large 
positive temperature coefficient; and, because of 
coupling between the thickness-shear mode and 
the overtones of the face-shear mode, it also ex•· 
hibits sharp irregularities in its frequency spec
trum. However, by rotation about the X axis, zero 
temperature coefficients may be obtained, and the 
coupling between the shear modes can be greatly 
diminished. This coupling becomes zero at the 
angles of the AC and BC cuts, and the frequency 
constant of the thickness-shear mode has minimum 
and maximum values, respectively, for these two 
orientations: Figure 1-43 shows the thickness
shear frequency constant, and figure 1-44 the 
thickness-shear temperature coefficient, with each 
plotted as a function of the angle of rotation. For 
the face-shear mode, the frequency constant and 
the temperature coefficient are shown in figures 
1-45 and 1-46, respectively, plotted as functions of 
the angles of rotation. 

THEY CUT 

1-109. The Y cut was introduced commercially in 
the late 1920's, at which time its principal advan
tage was that it could be clamped at its edges, 
whereas the X cut would not oscillate if the edge 
movement were even slightly restricted. The use 
of a Y cut, vibrating in a shear-mode, was origi
nally suggested by E. D. Tillyer of the American 
Optical Company, to whom a U. S. patent was 
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the positive end of the X axis points toward tlte obNrver 

issued in 1933. For this reason, the Y cut is some
times called the Tillyer cut. For several years this 
crystal was used extensively in commercial and 
military transmitters mounted in mobile equip
ment, and also in commercial broadcast transmit
ters where the Y cut's readily excited oscillations 
permitted the use of crystal oscillators with low 
plate voltages. However, due to the strong cou
pling between the thickness-shear and the over
tones of the face-shear and flexure modes, the Y 
cut's frequency spectrum is very poor. Also, small 
irregularities in the dimensions of the crystal 
readily produce abrupt changes in the frequency. 
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A typical frequency-temperature curve of a Y-cut 
crystal is shown in figure 1-47. Today, the Y cut 
has been almost entirely replaced by the rotated 
cuts having small temperature coefficients, and 
the Y cut's only major application now is that of 
transducer for generating shear vibrations in 
solids. 

1-110. CHARACTERISTICS OF Y-CUT 
PLATES IN THICKNESS-SHEAR MODE 

Description of Element: Y cut; yx 01· yz; thick
ness-shear mode. 

F1·equency Range: 600 to 20,000 kc; much lower 
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frequencies when bonded to solids for use 88 

transducer. 

Frequency Eq1111,tion: f = ~• (fundamental vibra

tion). 
Frequency Constant: ka = 1981 kc-mm (average 

value). 
Tempemture Coeffi,cifflt: Varies with dimensions 

of crystal and with temperature but is usually 
between 75 and 125 parts per million per de
gree centigrade, and is positive, with an aver
age value of 86 parts per million per degree 
centigrade. 

Methods of Mounting: Sandwich; air gap, clamped 
air gap; bonded to solids when used as trans. 
ducer. 

Advantages: Ratio of stored mechanical to elec
trical energy is Jarger than that of any other 
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figure 1-46. remperoture coefficient venu1 angle of 
rotation about X axis for face-sltear elements of 

tlte Y r,roup 

quartz element; this large ratio, combined 
with the quartz crystal's superior strength, 
makes the Y cut desirable as a generator of 
shear vibrationa in solids for the purpose of 
measuring or testing the solids' physical 
properties. This element is the easiest of all 
quartz cuts to excite into vibration, and thus 
requires the lowest voltages for operation. 
Large temperature coefficient makes element 
useful 88 a senaitive detector of variations in 
temperature. 

Di8ad:vanta.ges: Large temperature coefficient, dis
continuities of resonant frequencies, and poor 
frequency spectrum make this element a sec
ondary choice for use in either oscillator or 
filter circuits. Special Y cuts, such aa the 
block- and doughnut-shaped crystals in figure 
1-48, vibrate in a combination mode com
posed of coupled shear and flexure modes, 
and have zero temperature coefficients at cer
tain temperatures. However, because of the 
prevalence of spurious frequencies, the large 
volume of quartz used per cut, and the diffi
culties of mounting, theae crystals have IittJe 
practical uae. 

z z 

y 

I( 

figure J-48. Y-cut blodc and dau9llnut-sltaped ·c,ys
tols wltlclt can provide zero temperature coeflld•nt, 

fot certoln combination mode• 
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1-111. CHARACTERISTICS OF AC-CUT 
PLATES IN THICKNESS-SHEAR MODE 

Description of Element: AC cut; yxl: 31°; length
thickness-shear mode. 

Frequency Range: 1000 to 15,000 kc (fundamental · 
vibration). 

Frequency Equation: f = ~ (fundamental vibra

tion when t << I and w). 
Frequency Constant: ks = 1656 kc-mm. 
Temperature Coefficient: 20 parts per million per 

degree centigrade; . positive. 
Methods of Mounting: Sandwich, air gap, clamped 

air gap, button. 
Advantages: This element vibrates in a very pure 

length-thickness mode with an excellent fre
quency spectrum. It has the lowest frequency 
constant of all the quartz thickness modes 
and thus permits a smaller thickness. and 
hence a more economical cut, for use at the 
low end of the high-frequency spectrum. For 
a given temperature, the electrical parame
ters of an AC crystal unit can be predeter
mined with an accuracy equal to, or greater 
than, that of the more commonly used AT 
units. 

Di.sadvantages: The principal disadvantages of 
the AC cut is its relatively large temperature 
coefficient; because of thia the element has 
found little commerciai use, and the low-co
efficient AT cut, with. an orientation close 
enough to that of the AC for the coupling be
tween the shear modes to be small, is generally 
preferred. 

1-112. CHARACTERISTICS OF ELEMENT A 

Description of El«ment: AT cut; yxl: 35°21'; 
length-thickness-shear modes; or, yzw: 86° 
21'; width~thickness-shear mode. 
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Frequency Range: 500 to 1000 kc (special cuts) ; 
1000 to 15,000 kc (fundamental vibration) ; 
10,000 to 100,000 kc (overtone modes). 

Frequency Equation: 

f == ka/t (fundamental vibration when t< <land w) 

where m, n, and p are integers. 

Frequency Conata.flt: ks = 1660 kc-mm. 
Temperature Coef}icifflt: 0.0 at 25°C; figure 1-49 

shows the total relative frequency deviation 
for the normal maximum, minimum, and aver
age angles of this element; the temperature 
coefficient at each point on a curve is the slope 
at that point in parts per hundred. At 
q. = 85°16', the temperature coefficient will 
vanish at 45°C, changing from negative to 
positive as the temperature increases. Opti
mum orientations for zero coefficients at other 
temperatures are given below: 

Deu~c + 
20 35°181 

20 85°271 {overtones) 
75 35°311 

75 86°831 (overtones) 
85 350331 
85 85°86' (overtones) 

100 85"86' 
190 (max.) 36°26' 

Methods of Mounting: Sandwich, air gap, clamped 
air gap, button. 

Advantages: The excellent temperature-frequency 
characteristics make this element preferred 
for high-frequency oscillator control wher
ever wide variations of temperature are to 
be encountered; it is particularly applicable 
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for aircraft radio equipment where sharp 
changes in temperature may be frequent, but 
where the added weight of eonstant-tempera
ture ovens is undesirable. The angle of orien
tation is sufficiently close to that of the AC 
cut for the coupling between the shear modes 
to be weak, so that: the. resonant frequency 
can be isolated from that of other modes, ex
cept for certain dimensions of w and I. The 
A element also shares the low frequency con
stant of the AC element, and this is preferred 
for frequencies at the low end of the high
frequency spectrum. However, because of its 
superior temperature-frequency and piezo
electric characteristics as compared with the 
BT characteristics, the A element may well 
be preferred for the control of frequencies in 
the vhf range, even though the BT cut has 
the larger frequency constant. 

Diaadvo.ntagee: Because of the large thickness di
mensions that would be required, the A ele
ment is generally not economical for the gen
eration of frequencies below 1000 kc, although 
special circular cuts have been used at fre
quencies as low as 500 kc. In its normal high
freqQency range, the most troublesome prob
lem is to find the proper length and width 
dimensions which will permit the desired fre
quency to be widely separated from other 
modes. Although the orientation of the AT 
cut is close to that of the AC cut, there still 
exists a fair amount of coupling to the face
!lhear modes, and to the extensional and flex
ural modes along the X axis. Sufficient infor
mation is not availaole to avoid a certain 
amount of trial and error in grinding and fin
ishing an AT blank to provide an optimum 
frequency spectrum at a desired frequency; 
however, there are certain X and Z' (the di
mension parallel to the Z axis before rotation) 
values that can be avoided by use of the fre
quency equations which hold approximately 
for the less comple~ of the unwanted modes. 
The following equations give the face dimen
sions of an AT cut which will produce un
wanted resonances at the same frequency, f, 
as the thickneas-shear mode. 

For extensional modes along X: 

2488n 
X = f (n = 1, 8, 5, ..• ) 

For flexure modes along X: 

X = 13~ 4 n (n = 2, 4, 6, ... ) 
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For shear modes along X : .· 

...,, 2642.0n 
A = f (n = 1, 8, 5, , , ,) 

For shear modes along Z': 

Z'= 2540;° n (n = 1, 3, 5, ... ) 

With f expressed in kc, X and Z' are given in 
mm. Either X or Z' may be the length, with 
the other dimension being the width. It has 
been found that the unwanted modes are 
somewhat restricted by giving the plate a con
vex contour, and also by the use of circular 
plates. The convex contour is possible for all 
but the very thin plates that are used at fre
quencies above 15,000 kc. A 1000-kc crystal 
may have a contour of 3 to 5 microns. The 
equations above hold for flat plates, and be- • 
come increasingly in error as the contour is 
increased. 

1-113. CHARACTERISTICS OF BC-CUT 
PI:ATES IN THICKNESS-SHEAR MODE 

Description of Element: BC {:Ut: yxl: -60°; 
length-thickness-shear mode. 

Frequency Range: 1000 to 20,000 kc (fundamental 
vibration). 

Frequency Equation: f = ~a (fundamental vibra

tion when t << 1 and w). 
Frequency Constant: k. = 2611 kc-mm. 
Tempero.ture Coefficient: 20 parts per million per 

degree centigrade; negative. 
Metnods of Mounting: Sandwich, air gap, clamped 

air gap, button. 
Advantages: The advantages and disadvantages 

of the BC cut are similar to those of the AC 
cut, except that the BC thickness-shear fre
quency constant is the highest obtainable for 
a rotated Y cut. A BC cut may thus have a 
greater thickness for the same frequency, and 
hence be less likely to be shattered from over
drive or mechanical shock-a distinct advan
tage at the higher fundamental frequencies 
where very thin crystals are used. Since the 
BC orientation is the negative angle of rota
tion which provides zero coupling between the 
shear modes, the element vibrates in a very 
pure length-thickness mode with an excellent 
frequency spectrum. For a given temperature, 
the electrical parameters of a BC crystal unit 
can be predetermined with an accuracy equal 
to or greater than that of the more commonly 
used BT units. 

DiaadtJanto.ges: As in the AC cut, the principal 
disadvantage of a BC cut is its relatively large 
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temperature coefficient. Because of this, the 
element is not widely used, and the zero--co
efficient BT cut, with an orientation suffi
ciently near to that of the BC cut to have a 
weak coupling between the shear modes, is 
used instead. An added disadvantage is that 
the magnitude of the rotation away from the 
Y axis is approximately double that for the 
AC cuts. For this reason the piezoelectric co
efficient is smaller for the BC than for the 
AC or AT cuts, and, hence, somewhat higher 
voltages are ;-equired to maintain oscitlations. 

1-114. CHARACTERISTICS OF ELEMENT B 

Description of Eleme1t,t: BT cut; yxl: -49°8'; 
length-thiekness-shearmode;or,yzw: -49°8'; 
length-width-shear mode. 

Frequency Range: 1000 to 20,000 kc (fundamental 
vibration). 
15,000 to 75,000 kc (overtone modes). 

Frequency Equation: 

f = ka/t (fundamental vibration when t << 1 and w) 

/m' n2 (p - 1)2 

f - ks '1 t2 + a1 12 + as w2 

where m, n, and p are integers. 
Frequency Constant: k, = 2560 kc-mm. 
Temperature Coefficient: 0.0 at 25°C; figure 1-50 
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shows the· total relative frequency deviation 
for the normal maximum, minimum, and 
average angles of this element; the tempera
ture coefficient in parts per hundred per de
gree centigrade at each point on a curve is 
the slope at that point. Zero coefficients are 
obtained at 20°C and 75°C when • is -49°16' 
and -47°22', respectively. 

Methods of Mounting: Sandwich, air gap, clamped 
air gap, button. 

Adwntages: The temperature-frequency charac
teristics make this element useful for high
frequency oscillator control where the tem
perature is not expected to vary too widely 
from the mean value. It is particularly ap
plicable for use in radio equipment which is 
to operate at the high end of the high-fre
quency spectrum. Most of the high-frequency 
crystal oscillators employ either the BT or the 
AT cut, with the B element, because of its 
larger frequency constant, often preferred at 
frequencies from 10 to 20,000 kc. Since the 
orientation angle is near that of the BC cut, 
the shear modes are not too strongly coupled 
together; and, when ground to proper dimen
siona, the B element exhibits a reasonably 
satisfactory frequency spectrum. 

Di8ad.vantages: Like the A element, the B element 
is not suitable for use at the lower frequencies 
because of the large thickness dimensions 
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that would be requii'ed. Because of it& greater 
angle of rotation from the Y axis, the BT has 
a smaller piezoelectric coefficient than the AT 
cut, and hence requires a higher voltage to 
maintain oscillations. Also, the temperature 
coefficient of the BT cut increases more 
rapidly than that of the AT cut when the 
temperature varies to either side of the zero 
point. Moreover, zero temperature coefficient& 
cannot be obtained at as widely separated 
temperatures, as can be done with the AT cut 
by slightly varying the orientation angle. This 
limitation, however, becomes an advantage in
asmuch as it reduces the percentage error 
when cutting a crystal to provide a given tem
perature-frequeney characteristic. The great
est problem in preparing a B element is to 
avoid those length and width dimensions that 
cause the frequencies of unwanted modes to 
approach the frequency of the desired mode. 
As in the case of the AT cut, a BT blank with 
a good frequency spectrum will require a cer
tain amount of trial and error in the finishing 
process. For the simpler modes of lower order, 
the following equations give the face dimen
sions of a BT cut which produce unwanted 
resonances of the same frequency, f, as that 
of the thickness-shear mode. 
For flexure modes along X: 

1810n X = f (n = 2, 4, 6, .•• ) 

For shear modes along X: 
l63.5.14n 

X = f (n = 1, 3, 5, .•• ) 
For shear modes along Z': 

1664.l>n · 
Z'= f (n = 1, 3, 5, ... ) 
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With f expressed in kc, X and z, are given 
in millimeters. (Z' is the dimension of the ro
tated Y cut that originally was parallel to ~e 
Z axis.) Either X or Z' may be the length, 
with the other dimension being the width. As 
in the case of the A element, a convex con
tour of a plate will aid in restricting unwanted 
modes. At 1000 kc the contour may be as 
great as 5 microns ; the thin, 20,000-kc plates, 
however, must be flat. The equations above 
hold only for flat plates, but are approxi
mately correct if the contour is very small. 

1-115. CHARACTERISTICS OF ELEMENT C 

Description of Element: CT cut; yxl or yzw: 37° 
to 88° ; face-shear mode. 

Frequency Range: 800 to 1100 kc. 
F~ Equati<m: f = k•/w (fundamental of square 

plate). ' 

f = ~ / m,2 + ai n2 (m == 1, 2, 3, • . ·) 
'\J 1 w1 n == 1, 2, 3, ..• 

Frequency Constant: k. = 8070 kc-mm. (Square 
plates are preferred since they have fewer 
secondary frequencies.) 

Temperature Coefficient: 0.0 at 25°C for rotation 
angle of 37°40'. Figure 1-51 shows the total 
relative frequency deviation with tempera
ture for maximum, minimum, and average 
angles of rotation for a nominal cut of 37°40'; 
the initial temperature is taken at 25°C. The 
slope of a curve at any point is the tempera
ture coefficient in parts per hundred per de
gree centigrade at that point. Note that as 
the rotation angle is increased, the zero co
efficient is shifted to a higher temperature; 

" '~ ' I" ' " ' 
~ , ... l'J•n~ ss• 

' . 

'" . 

\ ' ,1,sg7•40• ' \ 

' 
I 

~-,rzs• 

20 40 60 !10 +100 

TEMPERATURE (•C) 

WADC TR 56-156 

fis,vre 1-51. Temperatv,..freqvency cltaracterlstics of element C 

41 



Section I 
Standard Quartz Elements 

h Z' t' .. the same is true when t e X ra 10 11 m-

creased. For square plates, zero coefficients 
can be obtained at higher temperatures (50"C 
to 200°C) by rotation angles from 88"20' to 
41 °50', respectively. 

Methods of Mounting: Wire, cantilever clamp. 
Advantages: The CT cut is essentially a BT cut 

rotated approximately 90° so that the face 
shear of the C element corresponds to the 
thickness shear of the B element. This orien
tation provides a zero-temperature-c-:>efficient 
shear mode for generating low frequencies, 
without requiring a crystal of large thickness 
dimension. The frequency characteristics of 
the C element, as compared with the D ele
ment, are roughly analogous to those of the 
B with the A element, except that the former 
pair vibrate at low frequencies, and the latter 
at high frequencies. The C element has the 
higher frequency constant, so is generally 
preferred over the D element at the high end 

· of the low-frequency range. The C element is 
widely used both for low-frequency oscillator 
control and in filters, and does not require 
constant temperatures control under normal 
operating conditions. One of its principal ap
plications has been as the control element in 
frequency-modulated oscillators. 

Disadvantages: Because of its larger frequency 
constant, the C element must be cut with 
larger face dimensions than the D element to 
provide the same frequency of vibration. 
Thus, for the generation of very low frequen
cies the smaller DT cut is the more economical 
to use. Care must be taken that flexure modes 
are not strongly coupled to the face-shear 
mode. To prevent a coincidence of resonance 
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between the two modes, the following thick-
nesses have been used: .., 

Fre(ftl,e'IICY Range in KC Thicknua in Mils 
870 to 428 18.6 to 19.9 
428 to 476 16.0 to 17.5 
475 to 540 18.5 to 19.9 
730 to 875 12.0 to 14.0 
875 to 1040 16.0 to 17.5 

1-116. CHARACTERISTICS OF ELEMENT D 

Description of Element: DT cut; yxl or yzw: 
-62° to -58"; face-shear mode. 

Fre(ftl,e'IICY Range: 60 to 500 kc. 
Fr,qtU,flCY Equation: f == ~/w (fundamental of square 

plate). 

(m = 1, 2, 8, ... ) 
(n • 1, 2, 8, . . . ) 

Frequency Constant: k. = 2070 kc-mm. (Square 
plates are preferred since they. have fewer 
secondary frequencies.) 

Temperature Coef/ici.ent: 0.0 at 25°C for rotation 
angle of -52°30'. Figure 1-52 shows the total 
relative frequency deviation with tempera
ture for maximum, minimum, and average 
angles of rotation for a nominal cut of 
-52°30', where the initial temperature is 
taken at 25°C. The slope of a curve at any 
point is the temperature coefficient in parts 
per hundred per degree centigrade at that 
point. Note that as the rotation angle is in
creased, the zero coefficient is shifted to a 
higher temperature. The upper limit for a 
zero coefficient is approximately 200°C, when 
• = -54°. 

Methods of Mounting: Wire, cantilever clamp. 
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Advantages: The DT cut is essentially an AT cut 
rotated approximately 90° so that the face 
shear of the D element corresponds to the 
thickness shear of the A element. This orien
tation provides a zero.temperature-coefficient 
shear mode for generating low frequencies, 
without requiring a crystal of large thickness 
dimension. Because the frequency constant is 
less than that of element C, the face dimen
sions of element D are smaller for a given 
frequency, and hence the DT is the more eco
nomical cut for use at very low frequencies. 
Like the C element, the D element is widely 
used in both oscillators and filters, and does 
not require constant temperature control 
under normal operating conditions. 

Disadvantages: At frequencies above 500 kc, the 
impedance effects introduced by the mounting 
become excessive, since the contact surfaces 
between the crystal and the supporting wires 
become rather large compared with the area 
of the crystal faces. Hence, the C is preferred 
over the D element in the 500--1000 kc range, 
since the higher frequency constant of the 
former permits a larger crystal face. To avoid 
strong coupling of the face-shear mode with 
flexure modes, certain thicknesses must be 
avoided. For most frequencies, however, a 
thickness of approximately 17 mils is satis
factory. 

1-117. CHARACTERISTICS OF ET-CUT 
PLATES ,IN COMBINATION MODE 

Description of Element: ET cut, with 7 ratio ap

proximately equal to 1.0; yxl or yzw: 66°30'; 
combination of coupled modes with second 
flexural vibration appearing to dominate a 
face-shear harmonie. 

Frequency Range: 600 to 1800 kc. 
Frequency Equation: f = k/w (square plate). 

2k 
f = 1 + w (nearly sq\lare plate). 

Frequency Constant: k = 5350 kc-mm. 
Temperature Coef]icient: 0.0 at 75°C; see figure 

1-53 for total relative frequency deviation. 
Met'lwd8 of Mounting: Wire; preferably mounted 

in vacuum. 
Advantages: Besides it. zero temperature coeffi

cient, the principal advantage of the ET cut 
is its high frequency constant, which is almost 
1.8 times that of the C element. This permits 
·an effective extension of the frequency range 
for this type of plate and mounting. Optimum 
performance is obtained at temperatures near 
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Fir,ure 1-53. Temperature-frequency cllaraderlstics 
of ET-cut plate vibrating in combination mode * 

75°C, so that the element is particularly ad
vantageous where crystal ovens are used. 

Disadvantages: Stability and general performance 
are inferior to those that can usually be ob
tained by using, according to the particular 
frequency, either an A or a C element. 

1-118. CHARACTERISTICS OF FT-CUT · 
PLATES IN COMBINATION MODE 

Description of Element: FT cut, with w/l ratio. 
approximately equal to 1.0; yxl or yzw: 
-57°; combination of coupled modes with 
second flexural vibration appearing to domi
nate a face-shear harmonic. 

Frequency Range: 150 to 1500 kc. 

Fr~ Equation: f =~(square plate); 
w 

2k 
f == 1 + w (nearly square plate). 

Frequency Constant: k = 4710 kc-mm. 
Temperature Coef]icient: 0.0 at 76°C; see figure 

1-54 for total relative frequency deviation. 
Methods of Mounting,: Wire; preferably mounted 

in vacuum. 
Advantages: The advantages of the FT cut are 

approximately the same as that of the ET, 
except that the FT has a lower frequency 
constant. The FT is related to the ET in ap
proximately the same way that the DT is 
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Figure 1-54. Temperature-frequency cftaracterfatlc• 
of n-cut plate vibratlltfl 'In combination mode * 

related to the CT. However, the frequency 
constants of the ET and FT are approxi
mately twice that of the low-frequency shear 
elements, so that these cuts can be made in 
practical sizes for twice the frequencies ob
tainable from the CT and DT crystals. Like 
the ET, the FT cut is particularly suited for 
use in ovens at temperatures between 70° 
and 80°C. 
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Figure 1-55. remperatvre-frequenq characterl.,lc• 
of element G • 

Disadvantages: Stability and general performance 
are inferior to those that can usually be ob
tained by using, according to the particular 
frequency, either an A, C, or a D element. 

1-119. CHARACTERISTICS OF ELEMENT G 

Deacription of Element: GT cut, with ratio ~ = 
0.859; yx]t: 51 °7.5' /45°: width-extensional 
mode. 

Freq,wn,ey Range: 100 to 550 kc. 
Freqiumcy E(J'U4tion: k1/w (fundamental). 
Frequency Constant: k1 = 8870 kc-mm. 
Temperature Coef!ici,ent: Very nearly zero over 
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the range from -25° to +75°. Figure 1-55 · 
shows the total relative frequency deviation 
from the initial frequency at 0°c. Note that 
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for a apan of 100°C the frequency does not 
vary more than one part in a million from 
the center frequency. The midpoint of the flat 
portion of the curve can be shifted from 25°C 
to 60°C by increasing the initial orientation 
angle from 51 °7.5' to 61 °30'; the zero coeffi
cient range will thua extend from 0°C to 
100°C. A temperature variation of ±15°C on 
either side of ·the midpoint will not change 
the frequency more.than 0.1 part in a million. 

Jlethoda of Mounting: Wire, knife-edge clamp, 
pressure pins, cantilever clamp. 

Advantages: The GT cut provides the greatest 
frequency stability that haa :,et been obtained 
from a quarts plate. Where other quarts ele
ments have zero temperature coefficients at 
only one temperature, the G element will not 
vary more than one part in a million over a 
range of 100°c. Thia element wu originally 
suggested by the fact that a face-shear mode 
consists of two extensional modes coupled to. 
together. When a face-shear element ia rotated 
45° the vibrations loae their shear effect and 
appear as two extensional modes-one along 
the width, and the other along the length. 
See figure 1-66(A). Since all pure extensional 
modes muat have a negative or zero tempera
ture coefficient, a positive coefficient of a face
shear mode must be due to the coupling be
tween its two extensional components. If the 
cut of a face-shear crystal having a positive 
coefficient has been rotated 45°, the coupling 
between the extensional modes can be reduced 
by grinding down one edge so that one of the 
~odes will increase in frequency. As the fre
quencies become more widely separated, the 
extensional modes will approach their true 
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negative temperature coefficients. At some 
ratio of width to length a zero coefficient will 
be obtained. The GT cut is properly a ±45° 
rotation of any positive-coefficient face-shear 
crystal in the Y group. Although the most 
satisfactory cut is the one described above, a 
number of other GT cuts have been investi
gated where the initial angle of rotation, •, 
has had negative as well as positive values. 
F.irure 1-56(B) shows thew /1 ratios for both 
positive and negative angles that will provide 
a zero temperature coefficient. For negative 
values of •, the dominant mode is the one of 
lower frequency, whereas for positive angles 
of .., the higher-frequency mode is dominant. 
The G element is used for the control of oscil
Jators where the most precise accuracy is re
quired, such as in the frequency standards of 
Joran navigational systems, the time stand
arcia at the U. S. Bureau of Standards and at 
Greenwich Observatory, and in both fixed and 
portable frequency standards of general use. 
Other than in frequency and time standards, 
the GT cut ia employed in filters that are de
signed for use under very exacting phase 
conditions. 

Disadvantages: The principal disadvantage of a 
GT cut is its expense. To obtain optimum 
temperature - frequency characteristics re
quires pains-taking labor in cutting and 
grinding to the exact orientation and dimen
sions. Furthermore, the excellence of a par
ticular cut will be of little advantage un1eaa 
the mounting and the external circuit are also 
of superior design. For these reasons a G ele
ment is not particularly practical except when 
the utmost frequency precision is mandatory. 

FABRICATION OF CRYSTAL UNITS 

1·120. The production stapa during the fabrica
tion of a crystal unit may differ somewhat from • 
one manufacturer to the next because of variations 
in the instruments, techniques, and the type of 
mounting employed. However, the general pro
cedure ia fundamentally the same throughout the 
industry-first, the inspection and cutting of the 
raw quarts; next the lapping and etching of the 
diced blanka; and flnally, the mounting and testing 
of the crystal unit in its holder. 

INITIAL INSPICTION OF RAW 9UAITZ 
1-121. The manufacture of a crystal unit begins 
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with the inspection of the raw quarts for impuri
ties, crack&, and inclusions. For this purpose, the 
arc lamp of the inspectoscope shown in figure 1-57 
is used. 
1-122. The inapectoscope tank is filled with a clar, 
colorless oil mixture having an index of refraction 
approximately the same as the average in quarts 
(1.52 to 1.56). Such a medium for transmitting the 
light to and from the raw crystal, or "atone," ia 
necessary in orcier to see the interior, for otherwise 
reflections and refractions at the rough surface 
will not only create an excessive glare, but will 
diminiah the intensity of light penetrating beyond. 
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Figure 1-51. P~larlscope-lnspectoscope. Used for examining raw quartz 

The lamp mcorporates a high-powered (500- to 
1000-watt) projection system of white light, and 
inspect ion of the stone is performed by direct ob
servation. The usable parts of the stone are 
marked ; or if too many imperfections are present, 
the stone is discarded. 

INSPECTION FOR OPTIC AXIS AND 
OPTICAL TWINNING 

1-123. If a stone has retained some of its natural 
faces, the optic (Z) axis may be readily located by 
direct observation. In the usual case, however, it 
is necessary to use the plane-polarized light system 
that is provided by the inspectoscope. The light 
from a mercury or incandescent lamp is plane 
polarized by a polaroid plate placed between the 
lamp and the tank. On the opposite side of the tank 
is a second polaroid plate with its transmission 
axis perpendicular to that of the first, so that if a 
stone is not in the tank to rotate the polarity of the 
light, the rays will be stopped at the second plate. 
Light that does filter through, however, is re
flected upward by a mirror, and the pattern may 
be observed through the glass cover shown in 
figure 1-57. When a stone is placed in the tank and 
oriented so that its optic axis is parallel to the rays, 
the polarity of the rays will be rotated and a bright 
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image will be reflected from the mirror. If white 
light is used, a pattern of concentric rainbow colors 
will appear; and if monochromatic light is used, a 
pattern of concentric rings of light and darkness 
will appear. The optic axis will be exactly parallel 
with the light rays when the stone is in the posi
tion that yields the fewest and broadest bands. If 
optical twinning is present, it will be revealed by a 
fine-toothed pattern cutting across the rings, as 
indicated in figure 1-58. The twinning areas are 
more clearly indicated when white light is used, 
and when viewed slightly off the optic axis. On the 
other hand, monochromatic light produces ring 
patterns of maximum clarity for the determina
tion of the optic axis itself. Flat surfaces are 

. ground on opposite sides of the stone, parallel to 
the optic axis; and, with the stone resting on one 
of the flat surfaces at the bottom of the inspecto
scope tank, a line is drawn on the upper surface to 
indicate the approximate Z-axis direction. 

46 

USE OF CONOSCOPE FOR EXACT 
DETERMINATION OF OPTIC AXIS 

1-124. After the approximate optic (Z) axis is 
d~termined, the stone is cemented to a glass plate, 
and a small-end-section of the crystal is sliced off 
with a diamond saw, leaving a flat surface approxi-
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mately perpendicular to the optic axis. The stone is 
Uren mounted on an adjustable orienting jig, 
which is placed against the reference edge in a 
conoscope tank. The conoscope (see figure 1-59) 
provides a polarized light system with which the 
optic axis may be accurately located by observing 
a concentric ring system. The principle of the 
conoscope is similar to that of the poladzing sys
tem of the inspectoscope, except that a converging 
lens system and a vernier system are provided that 
permit the optic axis to be determined. with an 
accuracy of one degree. The handedness of the 
crystal is readily determined by rotating the 
second polaroid plate, or analyzer, of the conoscope. 
The quartz is right or left according to whether 
the concentric rings appear .to expand or contract 
for a given direction of analyzer rotation. When 
the Z axis is accurately determined, each end is 
trimmed to form plane surfaces ("windows") 
exactly perpendicular to the Z direction. 

SECTIONING THE STONE 

1-125. There are three general methods of cutting 
the stone to obtain crystal blanks of desired 
orientation: the direct-wafering, X-block, and Z
section-Y-bar methods. In direct wafering, shown 
in figure 1-60, wafers are sliced directly from the 
stone at the desired orientation, and the blanks are 
diced from the wafer. The X-block method, as in
dicated in figure 1-61, is similar to that of direct 

Figure 1-58. Polarized-light view of pyramidal cap 
indicating optical' twinning * 
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Figure 1-5Po Conoscope. f}sed for locating accurately the optic axis and for determining 
the handedness of quartz stones • 
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wafering, except that, before being sliced into 
oriented wafers, the stone is cut into one or more 
blocka with place surfaces at each end of the Z 
axis; and at the ends of one of the X axes; each 
surface is accurately cut at right angles to the axis 
it terminates. It is from these. "X" blocks that the 
properly oriented wafers are cut and then diced 
into blanks. The third method of cutting proceeds 
as indicated in figure 1-62. The stone is sliced into 
Z sections ( cross-sectional slabs with plane faces 
perpendicular to the Z axis) ; the Z sections are cut 
into Y bars (bars with the length parallel to the Y 
axis); and crystal blanks are sliced at the desired 

FlfJure 1-40. Oil'fld-wole,ing metltod of cutting 
cryltal blonb 

MOTHER QUARTZ SECTIONEO 
INTO Z 81.0CKS 

X BLOCK CUT FROM Z &LOCK 

Z•,UIS WINDOW (P£RPENOICULAII TO 
PI.ANi!: OF PAPEIII PLACED AGAINST 
REFERENCE EDGE OF IIIOUIIITING JIG. 

WAFER CUT FROM X 111.0CK 

figure J -61. X-blodr. metltod of cuffing walen from unlaced ttone. Walen, on &.Ing diced, provide cryltal 
Wcrnb of ,._ proper orientatioll 
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orientation from the Y bar. Of the three methods 
of cutting, the X-block method is the one most 
commonly used, and will be the one assumed in the 
following paragraphs. 

DETERMINATION OF X AXIS 
1-126. '. A · reasonably accurate method for a pre
liminary determination of the X axis of an unfaced 
quartz is by observing the cleavage lines of a thin 
Z section when it fractures after being heated and 
dropped into cold water. The intersections of the 
fractures with the XY plane of the Z section are 
normally parallel to an X axis. A more useful pro
cedure, however, is to first etch a Z block (block 
or section with Z windows, before X windows have 
been cut) in a bath of 30% hydrofluoric acid, and 
determine the approximate X axis with a pin-hole 
oriascope, shown in figure 1-63. The oriascope 
provides a pin-point sdurce of ordinary light which 
will cause a triangular image to appear on the 
upper XY window when the lower window of the 
Z block is placed over the pin hole. The sides of the 
triangle are approximately pa~allel to the X axes, 
and matching windows and a template are provided 
to aid in marking the crystal. 
1-127. With the X axis approximately located by 

'1 
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BT BLANK 

Figure 1-62. Z-section-Y-bar method of .cutting 
properly oriented crystal blanlcs · 

the cleavage or oriascope methods, an exact orien
tation is determined by use of X-ray apparatus. 
The Z block is cemented to a glass plate, which in · 
turn is placed on an adjustable orienting _jig that 
can later be transferred to a saw. As ind1eated in 

NOT£ . LHQ•LEFT· HANO QUARTZ, RHO• RIG H T- HANO QUARTZ . 

Figure · 1-63. ~lnltole orlascope with matching ana markmg arms tor use on £ sections * 
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SMALL ROUGH 
GROUND. SURFACES 

Figure 1-64. X-ray determinatian of X axis in Z 
block. M is horizontal bisector of angle that ray must 
make if reflected beam is to enter ionization chamber. 
0, the Bragg angle of X-ray reflection for copper
anode Ka radiation, is predetermined according to the 
particular atomic plane to be identified. For plane 
that is parallel to an m face, and hence to an X axis, 
() = 10°38'. With positions of X-ray source and 
ionization chamber fixed, rotation of Z block about 
Z axis will cause maximum curren~ to flow through 

ionization chamber when an X axis becomes 
perpendicular t~ M 

Figure 1-65. Reflection patterns of twinned Z section, 
showing both types of twinning. Tlte section is pre
dominantly right quartz, but is fairly evenly divided 
by the electrical twins a and b. The small regions of 
optical twinning of one electrical sense are shown in 
C, and those of the opposite sense are shown In D. 
The X-axis polarities indicated apply only to tlte 

respective bright regions. The .regions marlced f 
contain flaws o 
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figure 1-64, an X-ray beam is directed toward the 
crystal's vertical surface, which deflects part of the 
beam into the· window of an ionization chamber, 
causing a current to flow that has an amplitude 
proportional .to the intensity of the rays entering 
the chamber. X-rays of constant wavelength are 
propagated in a narrow pencil from a properly · 
filtered source, which consists of a special high
voltage cathode-ray tube having a copper anode. 
The X-rays are emitted by virtue of the high
energy electrons' striking the copper target, and a 
thin nickel plate is inserted in the X-ray path to 
eliminate unwanted wavelengths. The atomic 
pl~nes of the crystal lattice effectively serve as 
reflecting surfaces, except that interference be
tween the reflected rays from adjacent parallel 
planes eliminates all angles · of reflection except 
those that permit the path lengths of coinciding 
rays to differ by an integral number of wave
lengths. The above condition· is satisfied when the 
distance between the atomic planes is related to 
the wavelength · and the angle of incidence of the 
X rays in a manner that can· be expressed by 
Bragg's law: 

DA= 2d -sin 6 

where: n = 1, 2, 3, .... 

>.. = wavelength of X rays 

d = distance between parallel atomic 
planes 

6 = angle of incidence of X rays with 
atomic plane 

The ionization chamber is a gas-filled metallic 
cylinder having an electrode which is maintained 
at a voltage relative to the cylinder. X rays enter
ing the chamber will ionize the gas, permitting a 

. current to flow through the external circuit. With 
fJ predetermined for a particular atomic plane, the 
exact direction of the plane, and hence of the 
crystal's orientation, can thus be determined by 
rotating the Z block for a maximum reading on 
the ammeter. 

CUTIING X BLOCK 

1-128. When the X direction has been precisely 
determined, the mounting jig is locked in position 
and transferred to a diamond saw, where windows 
are cut perpendicular to, and at each end of, the X 
axis-thereby forming an X block. After the align
ment of the windows is rechecked with the X-ray 
apparatus, the X bloc~ is cleaned, and then etched 
in 48% hydroflouric acid or a saturated solution of 
ammonium difluoride. 
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DETERMINATION OF TWINNING 

1-129. Electrical and optical twinning boundaries 
can be observed directly by shining a spot lamp 
upon the etched Z windows of the X block. The 

. light should be direct ed at approximately a 30-
degree angle with the surface being examined, 
with the line of sight of the observer perpendicular 
to the surface. As the block is rotated about the 
axis perpendicular to the surface, there will be four 
part icular orientations, each corresponding to a 
reflection of maximum brightness from the etched 
area of one of the four possible twins-right-hand 
quar tz of either elect r ical sense, and left-hand 
quartz of either electrical sense. See figure 1-65. 
Normally a crystal is predominantly right or left, 
so that optical twinning usually appears only in 
small scattered regions. Electrical twinning, how
ever , normally divides a crystal into large regions 
of opposite electrical sense. The polarities of the 
various twinned areas can be readily determined 
by. noting the angles of rotation at which maxi
mum brightness is observed. The axial polarities 
of an X block may also be determined by examin
ing .the X windows with the aid of a pin-hole oria
scope having matching and marking arms designed 
especially for X sections. The images observed will 
differ according to . the electrical sense of the 
part icular area-also, according to whether hydro
fluoric acid or ammonium difluoride was used in 
etching. By a proper interpretation of the patterns, 
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the axial directions of the twinned regions can be 
suitably marked. If there is an excessive. amQunt 
of scattered twinning, the block must" be dis
carded otherwise, the observation permits a 
proper orientation for cutting slabs, so that opti
mum use of the quartz is possible. 

PREPARATION OF WAFERS 

1-130. The mounting jig, adjusted to the correct 
orientation, is transferred to a saw, and t he X 
block is sliced into slabs of sufficient thickness for 
finishing. See figure 1-66. After being cleaned and 
etched, the slabs are inspected and marked i or 
twinning, and the unusable portions are cut away 
by a diamond saw. Each slab is cemented to a 
holder and mounted in a jig for a final X-ray deter
mination of the orientation. The adjusted slab 
holders are transferred to the jig of a lapping 
machine, and the slabs are lapped on one·. surface, 
using an abrasive of 400-grain carborundum, until 
the lapped faces have the desired orientation. The 
slabs are then cemented to a large plate·: with the 
corrected faces down, and the uncorrected faces 
are lapped until parallel with the bottom faces. The 
"wafers," as the slabs are now called, . are next 
cemented to a glass-topped steel plate for dicing. 

PREPARATION OF CRYSTAL BLANKS 

1-131. The wafers are diced to the approximate 
crystal blank size with a dicing saw, as shown in 
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Figure 1-66. Diamond saw for cutting wafers from X block 
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DICING SAW 

IAl 

CRYSTAL IJliORK 
HOLDER 

{Cl 

DICED W.FER$ 

(Bl 

LAPPING MACHINE 

IOI 

Figure 1-67. (A) Dicing saw. (8) Diced wafer. (CJ Nest of lapping machine. (DJ Lapping machine 

figure 1-67. The dice are then transferred to the 
nest of a lapping machine, where they are lapped 
to a thickness equivalent to several kilocycles be
low the desired frequency. The lapping proceeds in 
three stages: rough, semifinishing, and finishing. 
However, the rough stage is accomplished prior 
to dicing, if the slabs are first lapped to wafers as 
described in paragraph 1-180. The semifinishing is 
done with 600..grain carborundum or equivalent, 
and the finishing requires 100().. to 1200..grain ab
rasive. Each of the last two stages should com
pletely remove the surface left by the preceding 
stage. (Where extreme care is required, as when 
finishing thin harmonic mode plates, 8000 mesh 
aluminum oxide mixed with water, cosmetic talc 
and powdered white rouge provides high-precision 
results, with the ultimate operating dependability 
greatly increased if the final lapping is followed by 

Figure 1-68. Loaf of crystal dice, oll bionics oriented 
In the same direction in preparation for edge grinding 

by edging machine • 
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a brief semi-polishing with a mixture of water, 
rouge, and small amounts of rust preventative and 
wetting agent.) In the case of high-frequency 
blanks, the final lapping should bring the blanks 
within 25 to 50 kilocycles of the desired frequency. 
Next, a stack of 25 to 100 dice are clamped into a 
loaf, with all the blanks oriented in the same direc
tion. See figure 1-68. Two exposed edges are then 
grounJ parallel to locating surfaces by an edging 
machine. The loaf is then reversed and the two 
remaining edges are ground to square the blanks. 
Finally, the blanks are etched to the proper fre
quency. For high-frequency crystals, a frequency 
tolerance of ±0.002 percent will require that the 
finished blanks be etched to within ±0.00001 milli
meter of the ideal thickness. After cleaning, the 
crystal blanks are ready for mounting. 

METHODS OF MOUNTING CRYSTAL 
BLANKS IN CRYSTAL HOLDERS 

1-132. In the past, some confusion has resulted 
among radio engineers because of a mixed usage 
of the terms crystal holder and crystal unit by 
manufacturers in describing and naming their 
products. However, it is now generally agreed 
that the term crystal holder is to be used only in 
reference to the mounting and housing assembly, 
whereas the term crystal unit is to designate a 
complete assembly-that is, a crystal holder con
taining a mounted crystal plate. 
1-183. Crystal holders have been variously classi
fied by different specialists in the field, and in the 



absence of a standard nomenclature, a certain 
amount of overlapping has resulted among the dif
ferent classifications. The procedure to be followed 
here is to treat each particular method of mount
ing as a separate category. The holders to be dis
cussed are described according to the following 
types of mounting: gravity-sandwich, pressure
sandwich, gravity-air-gap, comer-clamped-air-gap, 
nodal-clamped-air-gap, dielectric-sandwich, plated
dielectric-sandwich, button-sandwich, knife-edge
clamp, pressure-pin, cantilever-clamp, solder-cone
wire, headed-wire, and edge-clamped. Only two 
general classifications of mounting, wire and pre8-
mre, are specified for Military Standard crystal 
units currently recommended for use in equip
ments of new design. The wire-mounted crystals 
are cemented directly to supporting wires. The 
pressure-mounted crystals are clamped in place 
by frictional contact with electrodes or other sup
porting elements. The wire mounts include the 
solder-cone-wire, the headed-wire, and the ce
mented-lead types, the latter being a particular 
kind of edge-clamped support cemented to the 
crystal. The pressure mounts include all other 
types 1isted above except the gravity-sandwich 
and the gravity-air-gap. 

Gravity Sandwich 

1-184. A "crystal sandwich" is simply a crystal 
plate sandwiched between two flat electrodes. In 
the simple gravity type of holder the crystal plate 
is placed on one electrode, with the second elec
trode resting on top and connecting to the external 
circuit through a flexible wire. See figure 1-69. 
A small clearance is provided around the sides to 
permit the crystal to vibrate freely. The clearance 
must not be too large, however, ·else the crystal 
will slide around in the holder, and may become 
chipped, or, at least, cause the electrical constants 
of the crystal unit to vary. The electrodes must be 
perfectly plane and made of noncorrosive metal, 
such as stainless steel, brass, or titanium. Brass is 
inferior to the other two metals, and titanium is 
largely a future possibility. The top electrode is 
considerably lighter than the bottom electrode, 
and is usually specifically dimensioned to flt a par-

FLl!K18LE WIRE 

figure 1-69. Gravity sandwich 
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ticular crystal size. If the top electrode is too 
heavy, the impedance it introduces will be exces
sive, preventing the crystal from vibrating near,its 
normal mode; on the other hand, if the top elec
trode is too light, firm contact will not be made 
with the crystal, and the operation of the crystal 
unit will be unstable. The edges of the crystal are 
slightly rounded to insure that they are free of 
burrs. Both the crystal and the electrodes must be 
perfectly clean, and the entire unit must be 
mounted in a hermetically sealed chamber. Nor
mally, the grid terminal of the unit connects to 
the flexible wire of the top electrode, and the 
ground or cathode terminal to the bottom electrode. 
1-135. The gravity holder was at one time widely 
used, but has now been largely replaced by holders 
that can maintain the crystal in a relatively fixed 
position if subjected to external vibration, such as 
might be encountered in vehicular or aircraft 
equipment. Occasionally, even when mounted in 
vibration-free equipment, a gravity crystal unit 
may fail to operate because one edge of the crystal 
has become closely pressed against one of the sides 
of the chamber. However, a light tap of the holder 
is usually sufficient to start oscillations. Compared 
with the holders in which flat inflexible electrodes 
are pressed against the crystal, the activity of the 
gravity holder is generally superior, and requires 
less voltage to maintain a state of oscillation. 

Pressure Sandwich 

1-136. In holders of the pressure-sandwich type, 
the crystal is held more or less firmly between two 
flat electrodes under the pressure of a spring. In a 
typical assembly, the electrodes, which normally 
are of identical size and shape, are in turn sand
wiched between two very thin contact plates. The 
contact plates connect to two metal prongs that 
serve as electrical terminals and plugs for mount
ing the crystal holder in a socket. An insulating 
washer is placed over one of the contact plates, a 
coil spring is placed over the washer, and a neo
prene gasket is placed between the spring and the 
cover to provide hermetic sealing. Except for the 
glass spacers, the pressure holder described above 
is very similar to the air-gap holder shown in 
figure 1-70. 
1-137. Although the activity of a pressure-type 
crystal sandwich normally is not as great as that 
of the gravity type, it is much preferred because 
of its greater ruggedness and less critical require
ments concerning the orientation and vibration of 
the equipment in which it is to be mounted. 
Another advantage of the pressure holder is its 
relative simplicity of design-fewer of its compo-
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( A) 

Figure 1-70. Methods, old and new, for mounting crystal units. (AJ Construction of early model crystal unit 
employing the gravity air-gap l ype of mounting, now largely outmoded. The crystal holder shown is lhe type 
FT-243. (BJ Solder-cone wire mount for v-1-f lengtlt-ftexure crystal. (Courtesy HEEMCOJ. (CJ Recently developed 
techniques for mounting shock-proof, J-mc, A elements in the miniatwe HC-6/U metal holder to meet the 
specifications for J-mc CR- 18/U crystal units: a. Reeves-Hoffman flexible nylon mount. b. Hupp looH-sloffed 
edge-clamped mount. c. Bliley molded nylon bumper mount. d. RCA edge-clomping spring mount. (Courtesy 
McCoy Electronics.J 
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nents require separate and exact dimensions for 
each particular frequency than is true of the ma
jority of holders. If the holder is constructed so 
that the spring pressure may be adjusted, very 
slight variations in the frequency are possible; the 
activity, however, will·decrease proportionally as 
the pressure is increased. Although the pressure 
holder is widely used and is less expensive than 
most of the other types of holders, it has the dis
advantage of low activity and comparatively large 
damping of the oscillations. Thus, crystal units of 
this construction are not as sharply selective, nor 
as electrically predictable, as crystal unita of more 
critical design. 

Gravity A.Ir-Gap Mo .. tl•g 
1-138. A gravity air-gap crystal unit is essentially 
a gravity sandwich, but with an air space separat
ing the crystal from the upper electrode. The air 
gap may be variable or fixed. In the variable type, 
the frequency can be adjusted slightly by raising 
or lowering the upper electrode, by means of a 
screw. The fixed air gap, however, is more com
monly used. As shown in figure 1-70, the fixed gap 
is maintained by glass or other insulating spacers 
placed between the electrodes. It is important that 
the thickness of the air gap not be an even quarter
wavelength of the acoustic vibrations which the 
crystal wiJI generate in the air. Otherwise, the air 
waves, on reflection from the upper electrode, will 
return to the crystal 180 degrees out of phase with 
the normal vibrations, thereby introducing a high 
impedance and greatly reducing the activity. Maxi
mum activity is obtained when the air gap is an 
odd quarter-wavelength in thickness. The exact 
dimension, however, is not particularly critical in 
the case of shear modes, and a variation of ± ¼ 
wavelength will cause little change in the ampli
tude of the vibrations. The quarter-wavelength 

formula is ¾ = :f' where vis the sound velocity 
in air, and f is in cycles per second. At room tem
perature and pressure, v = 880,000 mm/sec = 
12,992,000 mils/sec. The gap thickness should not 
exceed 8 mils, else the piezoelectric coupling will 
be too weak to maintain oscillations at reasonable 
voltages. Where it is necessary to have aa larae a 
piezoelectric coupling as possible, ·the air gap must 
be reduced to the minimum of ¼ wavelength. 
1-189. The advantage of the air-gap mounting is 
that it shares the simplicity of design of the sand
wich holders, but eliminates the damping effect 
caused by the frictional contact of the upper elec
trode with the crystal. The presence of the air gap 
also effectively inserts in the crystal circuit a 
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series capacitance equal to that between the upper 
electrode and the crystal face, thereby increasing 
the ratio of the stored electrical to the· stored me
chanical energy, and thus decreasing the electro
mechanical coupling. The reduction of the fric
tional losses (i.e., the effective electrical resistance) 
and the electromechanical coupling serves to give 
the crystal unit a higher Q, and thus to make it 
more selective and stable, and less affected by small 
variations on the external circuit. However, with 
the decrease in electromechanical coupling, the 
tendency of the crystal to vibrate is reduced; and 
also reduced is the bandwidth for use in filters. · 
On the credit side, the gravity-air-gap mounting 
is particularly convenient for the preliminary test
ing of crystals at the time they are being ground, 
and it has also been widely used in fixed-plant 
equipment with thickness-mode crystals operating 
at frequencies between 200 and 1600 kc. The prin
cipal disadvantages of the gravity-air-gap holder 
are the loose mounting of the crystal, the reduced 
piezoelectric coupling, and the possibility that a 
momentary overdrive will cause arcing across the 
air gap, or a corona discharge, thereby damaging 
the crystal and electrode surfaces, or even punc
turing the crystal completely. 

Coner-Clamped, Air-Gap Mountl• t 
1-140. The principal features of the corner
clamped, air-gap mounting are indicated in figure 
1-71. Note that air gaps exist at both the major 
faces of the crystal, except at the. corners where 
the electrode risers, or.lands, clamp the crystal in 
position. If the length of a thickness-shear plate, · 
such as an AT or BT cut, is not less than twenty 
times the thickness, a firm pres.sure may be ap
plied at the comers without greatly reducing the 
activity. The same precaution for avoiding an air 
column with dimensions approaching a multiple of 
a half...:wavelength is necessary for the clamped 
as for the unclamped holder. The lands at the cor
ners normally provide a gap of 0.5 to 2 mils. 
1-141. The comer-clamped, air-gap method is 
widely used for mounting high-frequency thick
ness-shear crystals. I ts operating characteristics 

/ / / 

Fl9u,e 1-7'. Typlcal corner-clamped, air-flap metltod 
of mountin9 .:ry,tal1 • 



Section I 
Fabrication of Crystal Unifi 

are similar to those of the unclamped holder; and, 
in addition, it bu the important advantage of 
clamping the crystal in a fixed position, thus per
mitting its use in aircraft and vehicular equip
ment. However, the clamping at the corners intro
duces an excessive amount of impedance when 
used for the lower-frequency, thickness-shear 
crystals where the 1/t ratio is less than 20; hence, 
this type of mounting is generally confined. to 
crystals with frequencies above 1500 kc. 

Nodal-Clamped, Air-&ap Mo•ntl•1 
1-142. The principal features of the nodal-clamped, 
air-gap mounting are indicated in figure 1-72. This 
method may be used for mounting low-frequency 
piezoelectric elements vibrating in an extensional 
mode and having a nodal area at the center of the 
crystal. Each electrode has two risers for clamp
ing the crystal at each end of its nodal axis, and 
thus provides a secure mounting with a minimum 
of damping from direct contact between the crya,. 
tal and the electrodes. A general advantage of any 
"zone-type" clamping, such as the nodal or corner 
methods where particular areas of a crystal are 
subjected to pressure, is that spurious frequencies 
requiring free vibrations in the clamped zones will 
be suppressed. 

Dielectric: Sa•dwlc:11 
1-148. This type of holder is essentially a crystal 
sandwich with a "lettuce" of high dielectric mate
rial inserted between the crystal and the elec
trodes. The sandwich and air-gap holders previ
ously described do not permit a crystal to operate 

Figure 1-72. Typical nodal-clomped, al,-gap metltod 
of mounting crynls 
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Figure 1-73. Prenure type of dlelecfrfc sandwich for 
mounting crynl1 

near its elastic limit, for otherwise arcing would 
occur between the electrodes and the crystal. Low 
drive levels ~ particularly necessary at frequen
cies above 4000 kc, for. the likelihood of corona 
discharge or arcing increases with the frequency. 
Even if the arcing is insufficient to puncture the 
crystal, its presence will cause either wet or dry 
oxides to form on the crystal and the electrodes, 
thereby reducing the activity and greatly shorten
ing the crystal's useful lifetime. if not preventing 
its operation entirely. Many factors contribute to 
the possibility of a breakdown: type of holder, 
presence of sharp edges, smoothness and parallel-· 
ism of crystal and electrode faces, type of cut, air
gap dimensions, d-c and r-f voltages, frequency, 
and the like. However, since the arcing in all cases 
is the direct result of ionization of the air between 
the electrodes and the crystal, this danger may be 
removed if the more vulnerab]e air spaces are.filled 
with an elastic cushion that has little tendency to 
ionize. It is necessary that the material have a 
dielectric constant much higher than that of air, · 
and preferably higher than that of the crystal, , 
and that it have low dielectric losses at the operat
ing frequency; otherwise the special advantage& 
of the particular types of mounting with which 
dielectric material is used would be destroyed by 
an increase in damping. The dielectric filler may 
consist of insulating sheets cut to fit a particular 
mounting, or it may be coated over the electrode 
faces. In either case, a material of high dielectric 
constant will permit a crystal to be driven near 
its elastic limit without the danger of corona ef •. 
fects, and with much less restraint of the normal 
vibrations than occurs when the crystal is in direct 
contact with the electrode faces. Suitable dielectric 
materials are mica, thin sheets of glass or fused 
quartz or other ceramics, "Cellophane," nonsul-
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Flr,un, 1-74. CenNr-preaun, type ol dielectric 
,andwlc#t for mounting crystal• 

furous rubber sheeting, cellu)ose esters and ethers, 
varnishes, Jacquers, vitreous enamels, metallic 
oxides, rubber coatings applied by eJectro-deposi
tion, rubber containing resin and other fillings, or 
fused coatings of natural or synthetic resins. The 
sheets or coatings should be from 1 to 5 mils in 
thickness, but care should be taken that the thick
ness of the insulating material does not approach 
a multiple of a half-wavelength of the acoustic 
waves thtt will be generated. In any event, the 
addition of the dielectric material will tend to raise 
the impedance and frequency slightly, so that in 
extreme eases it may be necessary to grind the 
crystal to a frequency lower than that at which 
it is to operate. 
1-144. Figures 1-78 to 1-77 indieat.e different 
methods in which the dielectric fillers may be used 
in mounting a crystal. Figure 1-73 illustrates a 
pressure type of mounting with two sheets of di
electric material-mica, for instance-inserted ~ 
tween each electrode and crystal. Note that the 
mica extends beyond the edges of both electrodes. 
This feature is important, for although in a well
designed pressure sandwich no air spaces exist 
between the crystal and electrode faces, so that 
ionization and arcing do not occur at the major 
surfaces, corona discharges can and do occur at 
the edges, particularly if the sides of the chamber 
are close in, aa is usual, causing the alternating 
fieJd around the edges to be more intense. How
ever, with the insulating sheet of high dielectric 
constant overlapping the electrode edges, the in
tensity of the eJectric field will be greatly dimin
ished. That part of the dielectric directly between 
the crystal and the relatively inelastic electrode, 
acts ·as an eJaatie cushion, and thus serves much 
the same function as an air gap, but without in
creasing the possibility of corona or arcing effects. 
1-145. Figure 1-74 shows a top and a aide view of 
a center-pressure type of mounting, where two 
circular electrodes of small cross section are sepa
rated from the crystal faces by insulating sheets 
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of high dielectric constant. Again, it is important 
that the insulation extend weU beyond the edgea 
of the electrodes. This arrangement increases the 
length of the short.est possible arcing path, and, in 
so doing, diminishes the chance of the occurrence 
of a discharge. 
1-146. Figure 1-75 illustrates two methods by 
which a corner-clamped air-gap holder can be con
verted into a dielectric sandwich while still retain
ing the principal advantages of the air-gap mount
ing. Figure 1-75A shows an insulating sheet cut 
to the dimensions of the air gap, and figure 1-76B 
shows a corner view of tbe assembled sandwich. 
Figure 1-75C is a side view of a similar sandwicll, 
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Figure J.75, Two method• (8 and CJ by whlclt a 
corner-clamped, air-gap hol~r can be converted Into 
a dielectric ,andwlch. Figure A s#tow1 a · dielectric 

sftfft cut to t#te dimensions of the air gap 
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figure 1·16. Dielectric slleet cut .to 1111 air gap of 
nodal-clamped mounting 

but with two additional insulating sheets inserted 
to cushion the crystal entirely from direct contact 
with the electrode risers. 
1-147. Figure 1-76 illustrates the cut of an insu
lating sheet for converting a nodal-clamped, air
gap mounting into a dielectric sandwich. Two 
niches in the edges of the sheet are cut to fit the 
two risers of an electrode. When assembled, the 
sandwich is similar to the corner-clamped model 
of figure 1-75B; or, if additional rectangular sheets 
are inserted next to the crystal, the assembly will 
resemble the arrangement in 1-75C. With either 
method, maximum rigidity is obtained for the 
nodal mounting with a minimum in damping. 
1-148. Figure 1-77 is a cross-sectional view of a 
gravity type air-gap mounting with the electrodes 
coated with an insulating material of high dielec
tric constant. It is characteristic of air-gap holders 
that the smaller the thickness of the air gap, the 
higher the r-f voltage that can be applied before 
arcing occurs between the crystal and electrode 
facet. When the electrodes make perfect contact 
with the crystal, not only are the opposing sur
faces theoretically at the same potential, but no 
ionizable substance lies between them in which an 
arc can form. However, the introduction of an air 
gap not only inherently reduces the electrome
chanical coupling of a crystal unit, but also effec
tively lowers the voltage that can be practicably 
applied. To remove the latter restriction without 
diminishing the advantages the air gap provides, 
the arrangement shown in figure 1-77 can be used. 
Note that the coating covers the edges of the elec
trodes-an important consideration since it is at 
the points of sharpest curvature that ionization 
is most likely to arise. 
1-149. The use of insulating sheets and coatings 
of high dielectric constant permits a crystal to be 
operated near its elastic limit without the danger 
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Figure J-77. Cross-lKtlonal view of gravity-air-gap 
mounting with electrode surla~•• protected &y coating 

of lliglt-dlelectric material 

of arcing, and hence this type of crystal unit can 
be operated at higher drive levels than would 
otherwise be possible. The dielectric sandwich 
would be advantageous in filter circuits where high 
amplitude signals are to be encountered; or in 
small portable transmitters where several ampli
fier stages are not possible, and the excitation level 
must be as high as possible; or in any radio trans
mitter designed to be keyed in the oscillator stage 
where it is important that the oscillations built to 
peak amplitude in a minimum number of cycles. 
The insertion of the dielectric sheets also improves 
the stability and selectivity of the sandwich-type 
holders, inasmuch as they eliminate direct contact· 
between the crystal and the relatively inelastic 
electrodes. The principal disadvantages of the di
electric sandwich are the reduced piezoelectric 
coupling caused by the separation of the electrodes 
from the crystal, and the damping effect of the 
frictional and small dielectric losses which are 
slightly greater than those of the air-provided 
the crystal is operated well below its elastic limit. 

Platod-Dlelectrlc Sa•dwich 

1-150. This type of mounting is essentially the 
same as the previously described dielectric sand
wich except that a thin layer of conducting mate-i 
rial ia interposed between the dielectric sheets and 
the electrodes, or between the dielectric sheets and 
the crystal, or both. The conductive surfaces may 
be strips of metal foil not more than 1 mil in thick
ness, or they may be plated, painted, or sprayed 
directly on the insulating material. Suitable con
ducting substances are copper, nickel, silver, gold, 
platinum, and their alloys. The conducting layer 
may be coated on one or both major surfaces of the 
insulating sheet, or it may completely cover the 
edges as well as the major surfaces, thus effee-. 
tively converting the sheet into a highly compliant 
metal plate. 
1-151. Figure 1-78A illustrates the corner-clamped .. 
air-gap mounting using dielectric plates haviqg 
conducting films on both major surfaces. The tW-O 
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films that are in direct contact with the electrode 
risers prevent the establishment of differences of 
potential across the air gaps, and hence obviate the 
possibility of arcing or corona discharges in these 
spaces. Figure 1-78B illustrates the nodal-clamped, 
air-gap mounting using dielectric plates having a 
conducting film on only one surface. In the case 
of air-gap mountings, if only one conducting sur
face is to be interposed between a crystal and each 
electrode, it is prefer-able that this surface make 
contact with the electrode rather than the crystal, 
so that possible electric fields will be "shorted'.' 
around the air gap. Figure 1-78C illustrates a di
electric sandwich mounting in which leaves of 
metal foil are inserted between the die~tric plates 
and the crystal. The metal foil, being very thin 
and flexible, snugly fits the crystal surface and in
terferes but little with the crystal's vibrations. On 
the other hand, its presence insures a uniform po
tential at all points on the crystal's surface, thus 
protecting the surface from the effects of exces
sive electric stresses. 
1-152. The plated-dielectric sandwich combines 
the advantages of the plain dielectric sandwich 
with improvements in the frequency stability, 
crystal life, frequency spectrum, and piezoelectric 
coupling. The improvement in frequency stability 
is greatest in the case of the air-gap crystal units, 
for the danger of arcing or corona discharge in an 
air gap is removed without the insertion of a di
electric sheet to fill the gap. Since the damping 
effect of the air is less than that of the insulating 
material, the use of conducting film permits a 
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closer approach to the high aelectivity of the pure 
air-gap mounting for crystals which are to be 
driven near their elastic limit. The insertion of a 
metallic film next to the crystal surface serv:ea to 
reduce possible electrical stresses at the surface 
which might indirectly aid the production of small 
fractures,· or cause ionization and chemical effects 
that would lead to a weathering of the crystal's 
face. The insurance of a uniform potenti-1 at all 
points on the surface of the crystal also improves 
the frequency spectrum, particularly at very high 
frequencies, where many possible overtone modes 
can vibrate at frequencies close to that of the de
sired mode. However, the majority of the unwanted 
modes wil1 have changes of phase and differences 
in amplitude along the major plane of the crystal, 
so that the resulting eddy currents that. they in
duce in the conducting surfaces will aid in damp. 
ing them out. Where the interfering modes might 
otherwise lead to a frequency drift or jump, the 
damping effect will be reflected principally as an 
increase in the effective electrical resistance and 
as a decrease in activity. Finally, closer piezoelec
tric coupling is achieved if the entire insulating 
material is given a metallic coating. The dielectric 
sheet thus effectively becomes an extension of the 
electrodes, and the close coupling of the simple 
sandwich mounting is approached, but without the 
heavy damping caused by friction between the 
crystal and solid metal. 

lutto• Mou.ts 
1-168. The ceramic button crystal mount repre
sents the ultimate in crystal-holder design yet to 
be reached via the sandwich and air-gap evolu
tionary chain. Originally, the button electrode was 
developed as an all-metal modification of the cor
ner-clamped, air-gap type. As illustrated in figure 
1-79A, the all-metal electrode is provided with 
conventional lands at the corners, but the effective 
center area has been reduced by surrounding the 
center with a relatively deep circular groove. The 
effect is to reduce the shunt capacitance across the 
crystal while retaining a central area of sufficient 
size for · adequate excitation; the reduction in 
shunt capacitance is particularly desirable if the 
crystal is to be operated in the v-h-f range. Also, 
since the principal excitation is confined to a cen
tral circular area, the likelihood of spurious modes 
is somewhat reduced, because the vibrating part 
of the crystal tends to exhibit the properties of a 
circular plate. The superior frequency spectrum of 
the circular plate is probably even more closely ap. 
proached by using electrodes having solid ring
shaped lands that completely surround the circular 
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air gap at the center. See figure 1-79B. However, 
it is by combining the advantages of the button 
mounting with those of the plated-dielectric sand
wich and circular quartz plates that optimum per
formance is obtained for thickness-shear modes at 
very high frequencies. Figure 1-79C shows the 
principal parts and the complete assembly of Crys
tal Holder HC-10/U. The shunt capacitance is held 
to a minimum, first, by the use of ceramic sup
porting plates in place of all-metal electrodes, and 
second, by the use of a coaxial electrode system 
in place of the conventional method where the 
crystal leads parallel each other through the base 
assembly. The ceramic-button electrodes are usu
ally very thin metallic platings that cover a small 
circular area at the center of each ceramic plate. 
Although the lands may be provided by forming 
thickened sections at the rim of the ceramic disks, 
usually they are obtained by plating metal risers 
on the surface of the ceramic; these plated risers 
are not connected electrically to the .center metallic 
section. The air-gap thickness is norm.ally between 
three and five microns. A notch in each ceramic 
button permits an extension of the electrode plat
ing to the opposite side, so that contact with the 
crystal leads can be made with a minimum of in
crease in electrode capacitance. This type of crys-
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tal holder is unequalled in performance when used 
with harmonic-mode crystals in the very-high-fre
quency range. It shou1d be noted, however, that 
one of the original advantages of the plated-dielec• 
tric sandwich mounting is not fully realized in the 
case of ceramic-button electrodes - namely, the 
protection against arcing or corona discharges. For 
this reason, the ceramic-button crystal units will 
not withstand as high a drive level as might other
wise be possible. On the other hand, the thin air 
gap that can be obtained, the presence of .a high
dielectric material almost flush with the edges of 
the plated electrodes, and the firm mechanical sup
port by which the crystal is hefd and cushioned 
against shock make this unit more durable under 
high drive levels than conventional air-gap holders. 
One of the more important advantages of the 
ceramic-button is the reduction of spurious modes 
through the use of circular quartz plates and small 
electrodes. The small electrode dimensions serve to 
concentrate the activity at the center of the crys
tal, where the crystal is most likely to be of uni
form thickness; thus, sudden frequency jumps are 
prevented, for these seem to be due primarily to 
abrupt shifting of the center of activity between 
areas having slightly different average thicknesses. 

Plated Crystals 
1-154. Since 1940 the designers of crystal units 
have increasingly favored the use of electrodes in 
the form of extremely thin metal films deposited 
directly on the crystal. Coatings of silver and gold 
have been successfully applied by spraying and 
baiting, but . in general the most advantageous 
method is by evaporating the metal in a vacuum 
and allowing it to condense on the exposed sur
faces of the crystal. Sputtering processes are being 
used increasingly, particularly for base plating, 
where the crystal is plated in vacuum by ionic 
bombardment from high-voltage negative elec
trodes composed of the desired plating metal. Elec
troplating of crystals also finds application. The 
noble metals, gold and silver, are the elements 
most commonly used in plating crystals because of 
their resistance to oxidation, their relative ease of 
plating, and the strength of their soldered junc
tions. Other metals that are used in plating are 
nickel and copper. Aluminum plating is preferred 
if a crystal is to be held . in position by pressure 
pins or knife-edge clamps. This is because alumi
num is more durable to frictional wear, and be
cause its lesser density permits an electrode of 
lighter weight. However, aluminum is the more 
difficult to apply, has a tendency to oxidize, and its 
soldered connections are not as strong as those of 
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silver or gold. For these reasons, silver is more 
widely used if the crystal is to be soldered between 
wire supports, and gold is used if the wire-sup.. 
ported unit requires maximum stability and 
resistance to aging. Aluminum coatings are com
monly applied at 1 milligram per square inch, 
which is equivalent to a thickness of approxi
mately 0.0225 mil; silver is applied at 4 milligrams 
per square inch, a thickness of approximately 
0.0232 mil; and gold is applied at 8 milligrams per 
square inch, a thickness of approximately 0.0114 
mil. The actual plating procedure may be divided 
into two or more steps involving more than one 
plating process. As an example, the Signal Corps 
Engineering Report E-1108 by J.M. Roman rec
ommends as many as three different plating stages 
during the fabrication of low-resistance, 50-mc 
harmonic-mQde crystal units of the CR-28/U type. 
The base plating is accomplished by a sputtering 
machine in which a group of crystal blanks are 
mounted in a rectangular metallic mask midway 
between two gold electrodes, which are 5½ inches 
square and 6¾ inches apart. A bell jar is placed 
over the electrode assembly and is evacuated to 
0.05 to 0.02 millimeters of mercury. 2200 volts de 
are applied between the crystal mask and the elec
trodes; first for 30 minutes at 100 ma with the 
mask negative in oroer to clean the crystals by 
ionic bombaroment, and next, for 37 minutes at 
100 ma with the electrodes negative for the actual 
gold plating operation. A second sputtering ma
chine is used to clean the crystal mask of the gold 
deposited upon it during the plating procedure. 
This latter operation requires an hour at 100 ma. 
After being mechanically mounted on HC-6/U 
bases between 9-mil, edge-clamping spring wires, 
the crystals are given a preliminary performance 
test. If a crystal is more than 0.1 per cent off its 
nominal frequency it is subjected to an additional 
plating process. This time it is plated electrolyti
cally with nickel. The electroplating of 50-mc 
crystals proceeds at a rate of 0.9 ma, which is 
equivalent to a harmonic frequency change of 100 
kc per minute. The electrolytic solution consists of 
chemically pure nickel ammonium sulphate, boric 
acid, ammonium chloride, and water in a weight 
ratio, respectively, of 75/15/15/1000. After mount
ing, testing, and electrically bonding the plated 
crystal electrodes to the supporting wires with sil
ver cement, the crystals are given a final spot 
plating with gold in an evaporation type plater to 
bring them to their specified frequency. This final 
plating process is accomplished in vacuum while 
the crystal is connected in a test oscillator circuit. 
1-155. The advantages of using metal-film elec-
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trodes are several fold: maximum piezoelectric 
coupling is achieved; the possibility of arcing be
tween the electrodes and the crystal is reduced to 
a minimum; variations of frequency due to a shift 
of the position of the crystal relative to the elec
trodes are eliminated; frictional losses and wear 
due to inelastic contact between the crystal and the 
electrodes are removed; the metallic film aids in 
protecting the crystal from erosion; the film is 
readily adaptable for various types of nodal mount
ing, and is easily divided into several electrodes 
for use in exciting particular harmonic modes. 
All in all, the plated crystal is the most practical 
for obtaining optimum crystal performance at 
low and fundamental-mode high frequencies. The 
metal-film electrodes, however, have certain dis
advantages: the metal has a tendency to abaorb 
moisture, thereby causing the frequency to 
change; when clamp supports are used, friction at 
the clamped points will eventually wear away the 
metal coating; and generally, the mounting tech
niques are more critical for plated crystals. 

Pressure-Pia Mounting 
1-156. Pressure-pin holders (see figure 1-80) are 
used to support low-frequency (up to 200 kc), 
electrode-plated crystals, particularly those crys
tals used in telephone filters. Each crystal is 
clamped at the center of a nodal zone by one or 
more pairs of opposing pins. For crystal plates 
one-half inch square and smaller, the diameter of 
the pins is approximately 10 mils, and the clamp
ing force varies from one to two pounds; for larger 
plates, pins of larger dimensions exerting some
what greater clamping forces are used. It is im
portant that the plated electrode be of aluminum, 
for the greater hardness of aluminum is required 
to resist the wear at the points of contact· with the 
pins. Norm.ally, these holders are designed for 
mounting a complete set of filter crystals within 

figure 1-BO. Preuu,..pln mounfln9, with, provi•ion• 
for opportlng four plated 6lter cry•als • 
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a single hermetically sealed container. The holder 
shown in figure 1-80 mounts four crystal elements. 
The pressure is applied by the springs mounted at 
the ends, and the pins serve as electrical connec
tions as well as mechanical supports. For greater 
mechanical stability, slight niches may be made in 
the quartz at the clamped points. 

1-157. The pressure-pin holder has the advantages 
and disadvantages of the plated electrodes, and is 
used primarily for low- and medium-frequency 
filter crystals. It is particularly applicable for use 
with face-shear elements, since these have but one 
practicable nodal spot for clamping. The chief 
limitation of the pressure-pin mounting is the 
mechanical impedance it introduces. If the diam
eter of the pin is made too small, the crystal will 
tend to rotate about its axis of support; however, 
the larger the diameter is made, the more the 
clamping area will extend beyond the nodal point. 
To obtain optimum performance with this type 
of mechanical support, a resonant-cantilever de
sign for prl'ssure pins was invented by J. M. 
\Volfskill of tlw Bliley Electric Company (U.S. 
Patmt 2,240,4fi:~, 1941). This step was quite sig
nificant, not only in its own right, but because it 
))J"O\'i<le<l a forerunner of the resonant-wire type 
of mounting. The following <liscussion is based 
on an analysis of the cantilever clamp by R. A. 
Sykes (Bibliography No. 741). 

The Cantilever Clamp 

1-158. The cantilever clamp is a pressure-pin sup
port designed to resonate at or near the crystal 
frequency. Figure 1-81 illustrates a pin mounted 
as a cantilever, and figure 1-82 indicates the 
motion of the cantilever as a quarter-wavelength 
bar with a node at the fixed base and a loop at the 
point of contact with the crystal. It is important 
that even quarter-wavelengths be avoided, else the 
mechanical energy returning to the crystal will 
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Figure 1-81. Cantilever clamp for providing a 
resonant-pin support for the crystal * 

WADC TR 56-156 62 

Figure 1-82, Resonant motion of cantilever pin when 
its length is equal to one-quarter wave-length of 
clamp-free flexural vibration. Note that the effective 
free end of the pin is that end supporting the crystal 

(not shown) * 
oppose its motion, thereby greatly increasing the 
impedance and lowering the activity. The length of 
a cantilever pin that will present a loop to the 
crystal can be determined approximately from the 
frequency formula of a clamp-free rod in flexural 
vibrations: 

m2dv 
f = 81r 12 

where: m = 1.875 for the 1st node of vibration of 
the rod (pin) 

m = ( n - ½) for n = 2, 3, ... 

d = diameter of pin 
v = velocity of propagation along pin 
I = length of pin 

For phosphor-bronze pins, v = 3.6 x 105 cm/sec; 
therefore, to support a 100-kc crystal, pins 1 mm 
in diameter should be 2.2G mm long to resonate in 
the mode indicated in figure 1-82. To resonate as a 
three-quarter-wavelength rod, n = 2, and 1 = 5.67 
mm for a pin of 1-mm diameter. The pin should be 
rounded at the end, as shown in figure 1-81, so that 
firm contact is made without the risk of having all 
the clamping force concentrated momentarily at a 
sharp point. 
1-159. A properly designed cantilever clamp should 
extend the useful range of the pressure-pin type of 
mounting to somewhat higher frequencies, and 
this has proved to be true in actual practice; how
ever, at the present time no data is available con
cerning its frequency application above 350 kc. 
Theoretically, a pair of pins could be used at any of 
their clamp-free harmonic modes, and thus pins of 
the same design need not be restricted to use at a 
single frequency. The principal promise of the 
cantilever clamp, however, is that it can provide a 
firm mechanical support while presenting a mini
mum of interference to the normal vibration of the 
crystal. 

Knife-Edged Clamp 

1-160. The knife-edged clamp is similar to the 
pressure-pin method of mounting, except that the 
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figure J-83. Knife-edge clamp support for two 
cryslal plates. Each crystal has two pairs of plated 
electrodes, and is so mounted that each pressure 
blade makes electrical contact with a different elec
trode. This arrangement effectively provides four 
crystal elements for use in a balanced Rite, cin;uit * 

clamping prongs are blade-shaped, as indicated in 
figure 1-83. The dimensions of the clamping points 
are, on the average, about 35 mils in length, and 10 
to 15 mils in width. These blades are used with 
crystal elements that have a nodal axis parallel to 
the plane of the major faces, and care must be 
taken to make certain that the blades are centered 
along the nodal line. Pressure is applied by phos
phor-bronze springs, with the blades serving as 
electrical connections as well as mechanical sup
ports for the crystal. The holder shown in figure 
1-83 mounts two crystals, but, because the plated 
metal films are divided to provide two electrode 
pairs for each crystal, the equivalent of four crys
tal plates is effectively available for use in a 
balanced filter circuit. 
1-161. The advantages of the knife-edge clamp are 
essentially the same as those of the pressure-pin 
mounting, except that the greater surface of con
tact between the crystal and the clamp permits a 
firmer mechanical support. However, the knife
edge clamp is limited to use with those crystal 
elements that have well-defined nodal lines. Its 
most important application has been as a mounting 
for the -18" X-cut tilter crystal, a crystal that 
can vibrate in a ver,r pure length-extensional mode, 
and which has a nodal axis at the center parallel to 
the width dimension. The knife-edge clamp is gen
erally useful only at frequencies below 120 kc. 

Wire Mounting 

1-162. Wire-mounted crystal units are of two 
kinds: those that employ wire supports designed 
to resonate at the crystal frequency in a manner 
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similar to that described in paragraph l-158 for 
cantilever clamps, and those that clamp the crystal 
at the edges by non-resonant spring wire. This 
latter type of wire support is the cemented-lead 
mount, which is classified here as an edge,clamped 
mount. The wire mounting provides a firm but 
flexible support that serves to cushion the crystal 
from external vibration and shock. In addition, it 
can combine the advantages of the metal-film elec- · 
trode with the low impedance of resonant supports, 
and can be used to mount any of the crystal 
elements, both high- and low-frequency plates, 
vibrating in extensional, shear, or flexural modes. 
Because of these advantages, the wire-type mount
ing is generally favored for crystal units used in 
militar~· equipment. 
1-163. There are two principal types of resonant 
wire mounts, the solder-cone and the headed-wire. 
In general, the solder-cone support is restricted to 
relatively small crystal plates--for example, to 
frequencies above 300 kc for C elements. 'l'he 
headed-wire type is more suited to larger plates. 

Solder-Cone Wire Support 

1-164. A diagram of the solder-cone type of wire 
mounting is shown in figure 1-84, and a mounted 
crystal is shown in figure 1-85. The crystal to be 
mounted is first spotted with small silver footings, 
40 to 90 mils in diameter, at the nodal points 
where the wires are to be attached. Next, the elec
trodes are plated on the crystal by an evaporation 
or other process. Silver is generally used, although 
gold may be preferred where resistance to corro
sion is paramount. Aluminum has not been widely 
used in wire-mounted units, because of the weak 
junction it makes with the solder. However, recent 
experiments indicate that an aluminum junction 
with a solder of indium (a rare, fusible metal, 
chemically similar to aluminum) is tiuite strong, 
so that eventually i;rreater application may be 
found for aluminum-plated crystals. The mount
ing wires are normally of phosphor bronze, be
cause of its high tensile strength and resistance 
to fatigue. A eutectic tin-lead solder is used that 
would normally be an alloy of approximately 63 
percent tin and a7 percent lead by weight; how
ever, to prevent an excessive diffusion of silver 
molecules from the silver spot into the solder dur
ing the soldering operation, the solder should con
tain 0.1 percent silver if the soldering is performed 
by hot-air blast, or a 59.5-34.5-6 percent tin
lead-silver combination if performed by hot iron. 
A solder cone in the shape of a bell (see figure 
1-84) has been found to provide the best perform
ance characteristics, and is the type of cone that 
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Figure 1-84. Solder-cone resonant-wire support. The solder ball "tunes" the wire to the crystal frequency if 
it is placed at a distance equal to an odd multiple of a quarter wavelength (I,, I,. etc.} 

from the peak of the solder cone * 

is least likely to rupture at the peak to form a 
"crater." For small crystals, the part of the wire 
enclosed by the cone may be straight, but for 
larger crystals sufficient anchorage requires that 
the end of the wire form a small hook. The wire 
is tuned to resonance by fixing the position of a 
solder ball at an odd quarter-wavelength from the 
peak of the cone ; the solder ball serves as a 
"clamped" point for reflecting the wave energy 
back to the crystal. The "free" end of the wire is 
effectively at the point where it enters the solder 
cone. The distances 11, lz, and l, indicated in figure 
1-84 mark "free lengths" of wire that will be reso
nant at the given wavelength. Note that each of 
the lengths defines a distance from the "free" end 
of the wire to a node where the solder ball should 
be placed. 

Figure 1-85. Solder-cone wire mounting of 
face-shear element 
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1-165. Theoretically, the resonant lengths I .. I,, 
I,, ... obey the same clamp-free frequency equation 
that is given for the cantilever clamp in paragraph 
1-158. Experiment, however, has demonstrated 
that somewhat longer lengths are required for 
optimum performance. Normally, the free length 
of the wire is made a quarter-wave section, 1,, in 
the frequency range of 20 to 250 kc, and a three
quarter-wave section, I,, in the range of 250 to 
1000 kc. For. phosphor-bronze wire, the empirical 
formulas for these distances are: 

l 1 5.42 J1 inches 

'd 
I 2 = 12.4 ..J f inches 

where: d diameter of wire in inches ( usually 
0.0035, 0.005, 0.006:3, or 0.008 in.). 

f = frequency in kc. 
1-166. After soldering to the crystal, the support
ing wires are bent to make them serve as springs. 
One, two, or three bends are carefully spaced and 
directed so that the displacement per unit force 
will be the same for all directions. The ends of 
the wires are then soldered without tension to 
metal rods, or "straights," which in turn are 
welded to eyelets staked in a mica or bakelite base. 
In mounting small crystal plates, the straights are 
little more than short, metal stubs, but larger crys
tals are mounted in "cages" having a mica roof as 
well as a mica base. Figure 1-86 shows the cage 
assembly of a 40-kc length-width flexure crystal. 
The cage is formed by two mica plates at each end, 
and four straights. Besides providing for the 
proper mounting of the straights, the mica plates 
also serve as "bumpers" for the crystal. The inner 
and outer plates limit the horizontal and vertical 



displacements respectively, thereby protecting the 
unit from wire or crystal damage in the event of 
severe shock or vibration. The spacing between 
bumper and crystal is normally between 25 and 
30 mils. Where the operating frequency is below 
3 kc, the wavelength is usually sufficiently long for 
the entire wire to be cut to a resonant length, so 
that the soldered junction at the straight can serve 
as the nodal terminal. However, the optimum free 
length of wire becomes increasingly critical as the 
frequency is raised. Solder balls are used to estab
lish resonance, but at low frequencies small metal 
disks are threaded on the wire to provide greater 
mass while permitting a precise adjustment to 
the correct position ; after adjustment, the disks 
are loaded at the back with the correct amount of 
solder. Better control is obtained at the higher 
frequencies without the disk. The solder weights 
range from approximately 80 milligrams for 8-mil 
wire, for large crystals, to 6 milligrams for 3.5-mil 
wire, for small crystals. 
1-167. The principal disadvantages of the solder
cone wire support arise from the effects of the 
solder cone upon the electrical characteristics of 
the crystal. To provide a junction of given me
chanical strength, a certain quantity of solder is 
required. The solder, however, considerably in
creases the effective resistance of the crystal cir
cuit as the temperature becomes high ; if a high 

FACE FLEXUl!E 

Figure 1-86. Cage assem&ly for solder
cone wire mounting of low-frequency 

length-width flexure crystal • 
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crystal Q at high operating temperatures is re
quired, the solder cone must be small, and, conse
quently, the crystal unit cannot be as rugged 
mechanica1ly as would otherwise be possible. Con
versely, if the crystal unit is to withstand severe 
mechanical vibrations and high operating tem
peratures, the solder cone must be of maximum 
size, so that the Q · and frequency stability will 
necessarily be at a minimum. Furthermore, as the 
volume of solder is increased appreciably, the tem
perature-frequency characteristics of the crystal 
may be considerably changed. Normally, the tend
ency will be for the zero temperature coefficient 
to shift to a lower temperature ; in extreme cases, 
the zero point may be lost altogether. The tempera
ture-frequency effects of hooked wire are generally 
more pronounced than those of straight wire, 
when equal volumes of solder are used. Another 
consideration is the difficulty experienced in mak
ing two cones of the same dimensions. 

Headed-Wire Support 

1-168. The headed-wire support (see figure 1-87) 
was developed to obviate the disadvantages of the 
solder cone, while preserving all the advantages 
of the wire type of mounting. The head of the 
wire, which resembles that of a common pin, has 
a diameter of approximately 22 mils for 6-rnil 
wire. It is pretinned, and .a small globule of solder 
is left at the end for sweating to the crystal ; the 
volume of solder varies from 1000 to 7000 cubic 
mils, according to the size of the crystal. Phos
phor-bronze wire is used, and all other mounting 
details are substantially the same as those for the 
solder-co;ne type of support. 
1-169. The headed-wire is superior to the solder
cone mounting, because it provides a greater and 
more uniformly distributed mechanical support 
with a smaller quantity of solder; in the case of 
low-frequency crystals, the Q is improved by as 
much as twenty-five percent. Furthermore, the 

Figure 1-81. Headed-wire crystal support* 
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distanced (figure 1-87) is a constant for all crys
tal units of the same design, so that the resonant 
free length of the wire can be predetermined ac
curately, thus permitting smaller tolerance in the 
rated characteristics. An additional advantage is 
that the headed wire diminishes the mechanical 
coupling between the vibrating systems repre
sented by the crystal and the wires. Standing 
waves are caused, not only by reflections between 
solder ball and crystal, but also to a certain extent 
by reflections from one solder ball, through the 
crystal, to the solder ball on the opposite side. By 
reducing the coupling between crystal and wires, 
the impedance effects due to the interfering 
through-waves are reduced, and a purer frequency 
spectrum is possible. Headed wire may be used to 
replace any other type of low- and medium-fre
quency crystal mounting, and a well-designed 
headed-wire crystal unit will generally surpass the 
other types in all-round performanee. However, at 
the higher frequencies a clamped air-gap holder 
is still to be preferred for greater activity and 
frequency stability, and at low frequencies, ulti
mately the cantilever clamp may prove superior 
for general use. 

Edge-Clamped Mounts 

1-170. Two variations of the edge-clamped type of 
mounting are illustrated in figure 1-88. The mount 

EFFECTIVE E LECTROOE 
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(II) 

Figure 1-88. Edge-clamped systems of mounting. (A) 
Mounting for low-frequency cryltafs. (BJ Cemented

lead mounting for high-frequency crystals 
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shown in (A) has been used with low-frequency 
crystals vibrating in extensional or flexure modes; 
the mount in (B), known as the cemented-lead 
mount, is widely used as an alternate to air-gap 
holders in mounting high frequency, thickness
shear elements. Although edge-clamped mounts 
have been successfully used in the production of 
high-activity crystal units for both high- and low
frequency applications, this type of mounting 
when used with low-frequency crystals, is probably 
somewhat inferior to well-constructed headed-wire 
or resonant-pin supports. However, a special fea
ture of the edge-clamped mounting system is the 
method of dimensioning the electrodes (a method 
also adaptable for use with resonant pins), by 
which optimum performance characteristics can 
be obtained with high-frequency crystals. Plated 
electrodes ( or metal foil cemented to the crystal) 
are used, but, as shown in figure 1-88 ( B), the crys
tal faces are only partially plated, and the plating 
on opposite faces is extended to opposite edges 
only, so that the effective electrode area is concen
trated within a small circular region at the center 
of the crystal. By this means the capacitance is 
kept small, and the principal activity is confined to 
the central region, where the crystal is most likely 
to be of uniform thickness. Both of these factors 
are advantageous in improving the frequency sta
bility. Also by reducing the activity in the vicinity 
of the edges, much of the damping due to the im
pedances of the supporting structure is obviated. 
Mechanical support and electrical connection is 
supplied by tinned, high-quality spring piano wire, 
which is clamped and cemented to the crystal at 
the edge where electrical contact can be made with 
the lead-outs from the electrodes. The cementing 
is used principally for the purpose of insuring 
good electrical connection, and not for supplying 
mechanical support, which should be provided by 
spring-wire clamps. The base ends of the spring 
wire are coiled around and soldered or welded to 
the base stubs. Although the supporting wires are 
not designed to be resonant elements of the crystal 
unit, they do provide the protection against shock 
and external vibration afforded by the other types 
of wire mounting. As compared with the per
formance of fundamental-mode, thickness-shear 
crystals, such as elements A and B, that are 
mounted in corner-clamped air-gap holders, the 
performance of the same elements, when wire
mounted, will generally be superior. In addition, 
the wire mounting permits the use of smaller 
crystal holders. The elimination of the air gap re
duces the likelihood of arcing, but this does not 
mean that the wire-mounted units can be operated 



at hi'gher voltages than the conventional air-gap 
crystal units. This is . because the wire-mounted 
crystal is more isolated thermally and tends to be
come hotter. The advantages of the cemented-lead 
over the ceramic-button mounting system are less 
pronounced than the advantages over the other 
air-gap systems. For operation at frequencies from 
1 to 10 me, the wire-supported crystal usually has 
the better operating characteristics. As the fre
quency increases, however, the metal plating of the 
wire-mounted element becomes an increasingly 
greater factor in damping the oscillations; and in 
the upper very-high-frequency range, above 100 
me, non-plated crystals that are pressure-mounted 
between ceramic buttons are definitely to be pre
ferred. Even in the fundamental frequency range, 
the ceramic-button mounts, which provide the 
better mechanical protection, may be used with 
good effect, and optimum performance character
istics for given operating conditions might better 
be achieved by combining the merits of wire
mounted edge clamps with those of plated dielec
tric buttona. 

HOUSING OF CRYSTAL UNITS 

1-171. The principal function of the housing is to 
provide a hermetically sealed, moisture-resistant 
container. Plastic housings of sandwich, air-gap, 
and clamp-type holders are normally sealed with 
neoprene gaskets. Natural rubber is not recom
mended, a.s the sulphur used in processing the 
rubber will ultimately contaminate other parts of 
the holder. Wire-mounted units are readily adapt. 
able for housing in metal or glass tubes, employing 
standard radio parts; however, small, two-pin 
holders are generally preferred. Before sealing, a 
crystal unit is exposed to high temperature in an 
evacuated oven, in order to drive off adsorbed 
gasses. The sealing itself is usually performed in 
dry air, although certain crystals, particularJy the 
flexure-elements, are sealed in vacuum. Optimum 
performance is obtained when a crystal is mounted 
in an evacuated container, since the damping effect 
of the air is eliminated. 
1-172. If metal, rather than glass, housing is em
ployed, it is difficult and expensive to seal a crystal 
unit so perfectly that not even minute leaks will 
develop due to stresses on the pins and the glass
sealing of the eyelS?ts. For this reason most crystal 
units are sealed in dry air, so that if very small 
leaks are present, the crystal characteristics will 
not be appreciably affected for a long period of 
time. Leakage is minimized if the base is rigidly 
protected against deformation, and if the glass 
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sealing fills the entire eyelet cavity uniformly. 
However, if a crystal is to be mounted in vacuum, 
a glass housing is to be preferred. 

AGING OF CRYSTAL UNITS 

1-173. "Aging" is a general term applying to any 
cumulative process which contributes to the de
terioration of a crystal unit and which results in 
a gradual change in its operating characteristics. 
There are, of course, many interrelated factors in
volved in aging-minute leakage through the con
tainer, adsorption of moisture, corrosion of the 
electrodes, ionization of the air within the con
tainer, w·ire fatigue, frictional wear, spurious elec
trolytic processes, small irreversible alterations in 
the crystal lattice, outgassing of the materials com
posing the unit, over-drive, presence of foreign 
matter, various thermal effects, pin strain due to 
socket stresses, and erosion of the surface of the 
crystal. However, if a crystal unit is well designed 
and carefully constructed, the rated operating 
characteristics may well outlast the equipment in 
which the crystal is used. 
1-174. Usually the first effects of aging can be 
traced to changes at the surface of the crystal. 
These changes may be due directly or indirectly 
to almost any combination of the factors mentioned 
in paragraph 1-173, and their occurrence can be 
avoided or greatly diminished only if proper pre
cautions and techniques are employed during 
manufacture, and if low driving voltages are em
ployed during operation; To produce a crystal unit 
of long life, the final stages of production require 
particular precautions. These concern the finishing 
processes of lapping, etching, cleaning, mounting, 
heat cycling, and protecting against moisture. 

Lapping to Reduce Aging 
1-175. Whether a crystal is being ground with 
abrasives which are cemented or .imbedded in a 
grinding disk, or lapped with loose abrasives under 
a lapping disk, the cutting proceeds by virtue of 
the small fractures and chips which result when 
the hard, sharp edges of. the abrasive particles are 
rubbed against the surface of the crystal. Com
mercial crystals are usually produced by lapping 
with loose abrasives, instead of grinding by 
"grindstones," except in the initial cutting stages 
and the final edging process, where diamond saws 
are commonly used. Each succeeding lapping stage 
employs a finer grade of abrasive, and must com
pletely remove the surface left by the preceding 
stage. The final lapping requires very fine abrasive 
particles, such as 1000- to 1200-grain carborun
dum, and should preferably be performed in a 



Section I 
Fabrication of Crystal Units 

mixture of abrasive, castile soap, and water. To 
reduce aging, soap and water are preferred as the 
coolant in the finishing stage, rather than kerosene 
or other oils, although kerosene permits a faster 
cutting rate for the same abrasive and lapping 
speed. Apparently, the residue of fractures re
maining after a soap-water-abrasive lapping does 
not penetrate as deeply as that remaining after a 
kerosene-abrasive lapping. Regardless of how fine 
the abrasive, small fractures and cracks will be left 
in the surface of the crystal after the final lapping, 
and in time these cracks will spread, absorb mois
ture, and ultimately result in a weathering of the 
surface. Additional care must be taken to ensure 
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FUNDAMENTAL FREQUENCY OF PLATE IN MC 

Figure 1-89. Minimum change ln frequency that AT 
and BT plates must undergo due to etching, ii the 
etching is to be sufficient to remove all surface cracks 
and fissions remaining from the final lapping stage. 
Note that, as the crystal becomes thinner, a given 
change in the thickness dimension means a greater 
change in the frequency. The frequency change for a 
BT cut i1 less than that for nn AT cut of the same 
initial frequency, since the larger frequency constant 

of the BT cut permits a thicker plate 
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that the crystal is not finished with slight con
cavities in the surfaces, or with one end lapped 
down more than the other, making the crystal 
wedge-shaped. Although optimum performance is 
to be obtained with perfectly planar surfaces, 
greater insurance against unwanted non-paraJlel
isms is gained if the lapping is controlled to give 
the plates a symmetrical convex contour of ap
proximately 5 microns for lower-frequency crys
tals, and approximately 101/f (cycles) microns for 
crystals above 3 me. 

Etc•ing to Reduce Aging 

1-176. After the final lapping stage, the crystal is 
normally given an etching bath to remove all for
eign particles. An eight-minute bath in forty-seven 
percent hydrofluoric acid is sufficient for the aver
age crystal, and will permit a firm contact between 
the crystal and its electrode coating. An etching 
time of at least thirty minutes is necessary, how
ever, if a minimum aging and a maximum Q, sta
bility, and drive level are desired. The longer etch
ing period is required to ensure that the deeper 
fissions in the surface caused by the final lapping 
are thoroughly removed. However, the deep etch 
is difficult to control, and particular care must be 
exercised if the desired dimensions of the crystal 
are to be achieved. It is customary to divide the 
deep-etching process into two, or more, steps: 
( 1) to etch the crystal to within 1 kc of the desired 
frequency; and (2) in the succeeding steps, to 
bring the crystal within its tolerance limits. Figure 
1-89 indicates the degree of etching required to 
prevent aging in AT and BT cuts . 

Cleanliness to Reduce Aging 

1-177. The protection of a crystal from foreign 
matter and moisture is of paramount importance 
if the crystal is to operate with stability and long 
life. Only minute traces of dirt, dust, or finger
prints on a crystal will cause the performance to 
be erratic. Cleanliness is necessary throughout the 
final production period, but particular emphasis is 
required during the stages immediately prior to 
sealing. Before and after etching, each crystal 
blank should be scrubbed thoroughly in soap, or 
trisodium phosphate, and water with a soft brush; 
rinsed in 0.5 percent ammonium hydroxide solu
tion, and again washed thoroughly in running 
water; dried in an oven heated to 100 degrees 
centigrade, or in a warm, clean, air stream; 
washed again in distilled carbon tetrachloride or 
other solvent; rinsed in hot distilled water; and 
finally, carefully dried in an oven. The electrodes 
and holder must be similarly cleaned, and neoprene 
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tweezers should be used in handling the parts dur
ing the final assembly. If the crystal is to be metal
plated, the complete mounting must be cleaned 
again before sealing. A hot spray of distilled tri
chloroethylene for one-half minute is sufficient. The 
plated crystal will normally require a small amount 
of edge-grinding wiijl fine emery paper to bring 
the mounted unit to the proper frequency. This 
step unfortunately weakens the aging resistance of 
the treated surfaces at a stage when further etch
ing is no longer feasible for commercial crystals. 
However, before testing and sealing, a retouched 
crystal unit should be thoroughly washed and 
scrubbed, with every precaution taken to ensure 
that no foreign matter remains on the crystal or 
mounting. Where the facilities are available, clean
ing can be performed by exciting the bath with 
supersonic acoustic waves, which can clean the 
crystal by shaking all loose fragments off its sur
face. In fact, a supersonic bath can be quite as 
effective a.a an etchinr bath in reducing aging. 

Moullflnt to Reduc. Aging 

1-178. As a general rule, any deviation in the 
mounting which causes an increase in the fric
tional losses will shorten the useful life of a crystal 
unit. Thus, in the nodal types of mounting, small 
deviations from the nodal point in the position at 
which a crystal is held will shorten the life of the 
crystal. Wire-mounted crystals require additional 
precautions during fabrication to avoid local 
changes or stresses at the surface of the crystal. 
Particular care must be taken to avoid electrical 
"twinning," which will occur if the temperature 
is raised above the inversion point, 573°C, and 
then lowered again; or twinning may be induced at 
a much lower temperature if a sharp temperature 
gradient is present in the crystal. These precau
tions are necessary during the baking of the silver 
spots, the division of the electrode coating by elec
tric stylus, and the soldering operation. In baking 
the silver spots, the temperature should be kept 
forty to fifty degrees centrigrade below the in
version point, and care must be taken to make 
certain that the (!rystals are heated uniformly. 
Some twinning is inevitable when using an electric 
stylus to divide an electrode coating; however, if 
straight-line division is required, the twinning 
may be avoided by using an abrasive tool or sand 
bla.sting in place of the stylus. To avoid thermal 
stresses during the soldering operation, a heated 
support should be provided for heating the crystal 
uniformly to a temperature of approximately 
100°C. Twinning, regardless of its cause, primarily 
affects the steady-state electrical characteristics of 
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a crystal element, and only indirectly contributes 
to gradual changes in the performance of the crys
tal. At least, no statistical data has been collected 
to show a correlation between twinning and aging; 
nevertheless, a series of small twinned spots at the 
surface is likely to make the area more susceptible 
to erosion. Readjustments of the crystal lattice at 
the twinning boundaries after long periods of elec
trical, mechanical, and thermal stresses might be 
expected; but if these are due to occur, they can 
probably be made to take place by a process of 
artificial aging before the crystal is placed into 
operation. Twinning, however, raises the induc
tance and effective resistance of an element, and 
hence, decreases its activity for a given operating 
voltage. Since the ultimate requirement of a higher 
operating voltage can lead to a shortening of the 
life of the crystal unit, an undue amount of twin
ning indirectly becomes a factor in the aging. 
Twinning will also raise or lower the frequency, 
according to the particular type of element. If the 
twinning is introduced during the final stages, this 
may require a substantial amount of edge-grinding 
during the final frequency-adjustment stage, and 
more of the etched surface may need to be re
moved than otherwise. Thus, although "heat" 
twinning is considered primarily in connection 
with its immediate effect upon the characteristics 
of the crystal, it should also be avoided as an in
direct factor in aging. A more direct factor in 
shortening the life of a wire-mounted crystal unit 
is a nonuniformity in the soldered junction, which 
is more likely to occur in a solder-cone than in a 
headed-wire support. When the stresses are un
evenly distributed, the soldered junction itself will 
tend to age; and even if mechanical breakage does 
not occur, the changes in the electrical characteris
tics will lead to poor performance and instability. 
Special care must be taken to make certain that 
the silver spots are of uniform density. The con
tainers of liquid silver should be agitated for sev
eral hours immediately prior to application. Also, 
the critical nature of the soldering operation re
quires the aid of a machine and accessories of 
special design. 

Heat Cycling to Reduce A9in9 

1-179. A newly mounted crystal will normally ap
pear to age more rapidly than one that has been 
in operation for a long period of time. This effect 
is not due to an actual deterioration of the crystal 
unit, but merely to an initial adjustment of the 
crystal, particularly at its surface, to its operating 
environment and changes in temperature. The 
stabilization period can be reduced to one of very 
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short duration by subjecting the crystal unit to a 
series of slow heating and cooling cycles varying 
between 24°C and 116°C. Metal-plated elements 
are frequently heat-cycled during the final fre
quency-adjustment period, aud again after sealing. 
In a series of tests at the Hunt Corporation, it 
was found that negative aging ( frequency de
creases with time) is generally due to insufficient 
cleaning of the crystal unit. When this was rem
edied, it was found that the crystal units would 
then age positively. The cause of the positive 

surface of the crystal and the corrosion of the 
electrodes. For optimum performance and long 
life, every precaution must be taken to ensure that 
the interior of the sealed crystal unit is as free as 
possible from moisture. Prior to sealing, all com
ponents of the crystal unit should be heated in 
vacuum to drive off absorbed water vapor and 
other gases; and if the sealing is performed in 
air, . the atmosphere should not have a relative 
humidity higher than 5 percent. 

aging was traced to the outgassing of the metal Low Drive Level to Reduce Agi119 
plating of the crystal, and its elimination has been 1-181. As a general rule, the lower the drive level, 
achieved by pre-aging the plated crystal for 3 the longer will be the useful life of a crystal unit. 
minutes in a 300°C oven. After a sufficient period This is true because the cumulative effects of al-
of artificial aging, a properly fabricated and oper- most all of the previously discussed aging factors 
ated crystal unit will maintain its final tempera- are considerably more pronounced when the crys-
ture-frequency characteristics indefinitely. tal is operated at high drive levels. Also, the higher 
Low Relative Humidity to Reduce Agl119 operating voltages greatly increase the tendency 
1-180. A low relative humidity is of paramount toward corona discharge and other ionization 
importance if excessive aging is to be prevented. effects, and the vibrations of greater amplitude are 
Even if a crystal is perfectly mounted and clean, more likely to result in crystal or wire fatigue. To 
an ambient relative humidity higher than 40 per- ensure maximum lifetime, a piezoelectric reson-
cent will sharply increase the insulation resistance, ator should be driven at the lowest practicable 
and will greatly accelerate the weathering of the level consistent with the circuit requirements. 

ELECTRICAL PARAMETERS OF CRYSTAL UNITS 
E9UIVALENT CIRCUIT Or CRYSTAL UNIT 

1-182. A crystal unit may be represented by the 
equivalent electrical circuit shown in figure 1-90. 
R1 represents the terminal-to-terminal r-f insula
tion resistance of the crystal unit. CL, LL, and RL 
represent, respectively, the distributed capaci
tance, inductance, and resistance of the electrical 
leads and terminals of the mounted crystal. CL, in 
addition, includes the capacitance across any elec-

2 

trode parts that extend beyond the quartz. CHi and 
Ca, represent the distributed capacitance of the 
crystal circuit to the holder H. CA represents the 
capacitance between the electrodes and the crystal 
faces when they are separated by an air gap or 
other dielectric. If a dielectric exists on both sides 
of the crystal, CA would equal the total capacitance 
of the two capacitances in series. Thus, if the air
gap capacitances on the opposite sides of the crys
tal were equal, as would normally be the case, CA 

~~---n 
_c_, -~'~ ___ r_ J' 
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would be equal to one-half the value of either one. 
C, is the electrostatic capacitance across the quartz 
plate, where the quartz serves as the dielectric. 
The series LCR branches represent the piezoelec
tric properties of the crystal as they appear to the 
external circuit when the crystal is undergoing 
mechanical vibrations. For this reason, these 
values·al'e called the "motional-arm" (also, "series
arm") parameters, in contradistinction to the 
parameters such as c. that are not of piezoelectric 
origin. 
1-183. The motional-arm values of L are closely 
associated with the mass of the crystal, those of C 
are closely associated with the elasticity of the 
crystal, and the motional-arm values of R indicate 
the tendency of the crystal to dissipate heat during 
vibration. Each of the motional-arm branches is 
associated with a different mode or harmonic of 
vibration, and the normal frequency of each of the 
modes coincides with the series-resonant frequency 
of the respective LCR branch. It will be assumed 
that the branch indicated by L1, C1, and R1 repre
sents the equivalent circuit of the desired mode, 
and that all of the higher subscript branches 4, 
c., R., represent unwanted modes. 
1-184. Since a crystal unit is normal1y intended for 
use only within a very narrow frequency range 
centered at a specified nominal frequency, the 
equivalent circuit may be greatly simplified to that 
shown in figure 1-91. If the crystal is mounted so 
that the electrodes are in direct contact with the 
crystal faces, C.., will not be effective, and the 
values of L, C, and R in figure 1-91 will normally be 
approximately the same as those of L1, C1, and R1 
in figure 1-90, and Co will approximately equal 

CR1 CR2 

Ce + CL + ----. For these assumptions to 
Cai+ Ce2 

figure 1 -9 I. Simplified equivalent circuit of 
crystal unit 
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hold, R, must be much greater than the impedance 
of the crystal when parallel resonance i& estab
lished between the motional arm and C0 • Also, the 
operating frequency must not be so high that the 
reactance of LL becomes significant: and the nor
mal frequencies of all the unwanted modes must be 
sufficient1y removed from the nominal frequency, 
if each of the unwanted branches is to present a 
high impedance at the desired operating frequency. 

SIMPLIFIED E9UIYALENT CIRCUIT OF 
AIR-GAP CRYSTAL UNIT 

1-186. c. is normally much greater than the dis
tributed capacitance across the leads, so an air
gap or dielectric-sandwich type of crystal unit may 
be represented by the equivalent circuit shown in 
figure 1-92. This circuit, in turn, may be reduced 
to the equivalent circuit of figure 1-91 by assigning 
the following values to L, C, R, and C0 : 

L = (CA~ c. )2 L1 

c = cA2c1 
(CA + Ce) (C1 + Ce + CA) 

R = (CA t C. r R1 

C = CA c. 
O CA+ c. 

THE EFFECT OF R-F LEAKAGE RESISTANCE 

1-186. The principal effect of Ri, the terminaJ-to
terminal r-f leakage resistance shunting the crys-

o----,-, 
... CA 

figure 1-92. Simplified equivalent circuit of alr-11ap 
crystal unit 
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tal, is to reduce the effective Q of the crystal unit. 
For all practical purposes this effect is negligible 
when the crystal is being operated at, or very 
near, the resonant frequency of the series arm. 
Under these conditions the electrical impedance of 
the crystal is so small by comparison that R1 can 
be ignored. On the other hand, as the frequency 
rises above the resonant point, the impedance in
creases sharply, and the greater the impedance be
comes, the greater is the effact of a given R1• 

Insofar as the equivalent circuit of figure 1-91 is 
concerned, the effect will be to increase the value 
of R. The extent of this increase will depend upon 
how large the effective reactance of the crystal be
comes, relative to R1• For the sake of simplification, 
most of the discussion given later concerning the 
equivalent circuit assumes that the increase in R 
due to R1 is negligible, or at least, is constant, re
gardless of the frequency, an assumption that can 
produce reasonably accurate results in the case of 
well-fabricated crystal units. The leakage resist
ance of military crystal units has a specified mini
mum d-c value of 500 megohms. As long as this 
minimum d-c value is maintained, R1 at low fre
quencies will be comparable to this value. However, 
if an accumulation of moisture, dirt, or the like 
seriously reduces the d-c insulation resistance be
low the allowed minimum, the off-resonance char
acteristics will undergo a noticeable change. For 
instance, low-frequency filter· crystals may have 
impedances at antiresonance in the neighborhood 
of 50 to 100 megohms. If R1 decreases below 500 
megohms, the equivalent R of the motional arm 
will increase markedly. In the case of high-fre
quency crystal units, the effective dielectric losses 
may become relatively large, particularly when 
plastic holders are used, so that, at off-resonant 
frequencies, R1 can become a significant parameter 
of the over-all effective resistance. However, for 
hi~h-frequency crystal units employing modern 
methods of mounting and construction, R1 can gen
erally be ignored. In the very-high-frequency 
range, crystal units are almost always operated at 
series resonance, so that, even if R1 were on the 
order of 100,000 ohms, as might easily be the case, 
the effect would still be relatively minor. However, 
where the shunt resistance cannot be ignored, a 
more concrete analysis of its effect is to let Rx, in 
figure 1-90, represent only the d-c leakage resist
ance, and to account for the r-f dielectric losses by 
inserting other equivalent resistances in series 
with the various shunt capacitances. In the sim
plified equivalent circuit in figure 1-91, the d-c 
leakage .resistance could still be ignored, but non
negligible r-f shunt losses coi.ld be interpreted as 
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being due to a single resistance in series with the 
shunt capacitance, C0 • The Q of the equivalent 
shunt arm will effectively equal the Q of the crystal 
unit when the unit is operated at frequencies well 
removed from resonance. The crystal units that 
are mounted in metal or glass holders of the type 
described in Section II, and are recommended for 
use in equipments of new design, can be expected 
to have shunt-arm Q's greater than 1000 at all 
frequencies within their specified range. This as
surance, however, cannot be given for the crystal 
units mounted in plastic holders, particularly the 
old-style phenolic holder, or for those employing 
all-metal sandwich or air-gap electrodes. However, 
the lower Q's of the older types of crystal holders 
are not entirely due to greater dielectric losses and 
larger values of shunt capacitance. An equally im
portant factor is the effective inductance of the 
circuit effectively in series with the shunt capaci
tances. For example, a corner-clamped air-gap 
mounting, such as that provided in a DC-31 crystal 
unit, has an effective shunt-arm Q of approxi
mately 80 or 180 at 30 me, depending upon whether 
the clamping pressure is applied by a coiled or a 
flat spring, respectively. Apparently, the reactance 
and resistance of a coil spring can be quite detri
mental to the quality of a crystal holder at very 
high frequencies, since it can cause not only an 
effective increase in the shunt capacitance, but 
also an increase in the effective dielectric losses. 
These losses would become prohibitive if the in
ductance of the spring and its stray capacitance 
should approach the properties of a series~resonant 
arm shunting the crystal. However, except in such 
abnormal eases, and in cases where the insulation 
is weakened by extremes in humidity and tempera
ture, the shunt resistance will have a negligible 
effect upon the performance of a crystal circuit. 

EFFECT OF DISTRRBUTED INDUCTANCE 

1-187. The effective self-inductance of the crystal 
leads, LL, is normally not sufficient to seriously 
affect the crystal parameters, except in the ca.se 
of very high operating frequencies where it is 
necessary to operate the crystal at series reson
ance. At resonance, the reactance of the crystal 
unit will be zero, so that the crystal, in combination 
with its shunt capacitance, must have a net equiva
lent series Xe equal in magnitude to the XLL of the 
distributed inductance. This means that the reson
ant frequency will be slightly lower than would be 
the case if there were no distributed inductance. 
The net effect on the equivalent circuit of figure 
1-91 is that the LC product is increased very 
slightly (lower resonant frequency), and that C

0 



is increased to a greater extent. If the distributed 
induct•nce is completely negligible, the resonant 
frequency of the crystal will be slightly higher 
than the normal resonant frequency of the series 
arm, because of the reactive component of current 
through C0 • However, the distributed XL of the 
lower-frequency crystal units may be sufficient to 
approximately cancel the reactance due to the true 
c;;. Under these conditions, the resonant frequency 
of the crystal unit aa a whole would coincide with 
the natural vibration frequency of the crystal-an 
ideal operating state. In the case of the higher
frequency crystal units, the distributed inductive 
reactance may be sufficient to lower the frequency 
below the natural resonance point by several cycles. 
If the crystal unit. were being operated at series 
resonance in a capacitance-bridge circuit, for ex
ample, such an effect would lead to frequency 
jumpa with slight changes in the tuning adjust
ments. Under such conditions it would be desirable 
to add a capacitance in series with the crystal, 
with a reactance just sufficient to cancel the un
wanted XLL• The distributed inductance, LL, of the 
lower-frequency crystals, and of practically any 
crystal unit which is to be operated above series 
resonance, has only a minor effect. The maximum 
effect wiU always be at very high frequencies near 
series resonance. In analyzing the behavior of a 
crystal unit where the distributed XLL cannot be 
neglected, the simplest approach is to consider XL 
as a separate fixed reactance in series with the 
crystal unit. From this point of view, as long as 
XLL is very small, as compared with Xe.., it can be 
seen that LL will not seriously affect the rate at 
which the net crystal reactance will change with 
frequency, and, therefore, will not influence the 
stabilizing effect of the crystal on the frequency. 
Crystal oscillators can operate successfully up to 
frequencies as high as 200 me. However, crystal
control of the frequency can be stable only when 
the impedance at series resonance is much smaller 
than the reactance of the effective shunt capaci
tance C0 • The larger the value of XLL, the smaller 
this ratio will be. Thus, the higher the frequency, 
the greater the importance of keeping the crystal 
leads as short as possible. not only to reduce LL, 
but also to reduce the distributed capacitance and 
the r-f resistance of the wires. The small coaxial
electrode type of mounting, such as the HC-10/U, 
is the most satisfactory for achieving a minimum 
effective C0 , and hence, a maximum frequency 
stability in the very-high-frequency range. It 
should be remembered. however, that since the dis
tributed XLL will increase with the frequency, the 
effective C., will also increase with the frequency, 
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so that a measurement of C0 at a frequency far 
lower than that of resonance will not alone give a 
reliable indication of the effective parameter near 
the operating frequency. 

EFFECT OF DISTRIBUTED CAPACITANCE 

1-188. The effect of the distributed capacitance 
on the parameters of the simplified equivalent cir
cuit is merely to increase the value of C.,. However, 
it should be noted that the amount of the increase 
wiJJ depend somewhat upon how the crystal unit is 
connected in the external circuit. For example, 
assume that the holder and terminal 1 in figure 
1-90 are grounded. Ca1o which would otherwise be 
in series with CH>, is now effectively short-cir
cuited, so that the total shunt capacitance C., is 
increased. If CHI were assumed to be equal to Ca,, 
the amount of the increase due to grounding ter
minal 1 and the holder would equal Cei/2. On the 
other hand, grounding the holder can result in an 
effective decrease in C0 • Assume, for instance, that 
a crystal unit is connected in a circuit equivalent 
to that shown in figure 1-93. With the metal holder 
ungrounded, Cu, and Ca2 are effectively connected 
in series, so that, if CH, Cm, the total capaci
tance of the series combination is Cu,/2. If switch 
S is closed, thereby grounding the holder, the effec
tive total C0 becomes larger or smaller, depending 
upon the point of view of the observer. Since Cu, 
is no longer in series with CH;, but, instead, is 
shunted across the entire circuit, whereas CH> is 
shunted across the load Z, the total capacitance 
facing the generator is increased ( assuming that 
Z is the reactance of a capacitor). When S is 
closed, the current through M, increases; how
ever, the current through M, decreases. An ob
server at M, would say that grounding the holder 
increased C0 , whereas an observer at Mt would 
say that C0 has decreased. At frequencies well re
moved from the nearest resonant frequency of 
the motional arms, the branch impedances are so 

z 

Figure 1-93. Circuit diagram Indicating tlte effect that 
grounding a metal bolder may have on 1ltunt 

capacitance 



Section I 
Electrical Parameters of Crystal Units 

high that the crystal unit behaves essentially as a 
capacitor of value c •. It can be seen that if a meas
urement were being made of the change in C0 due 
to the grounding of the holder, it would be impor
tant to know exactly how the measurements were 
made. For example, low-frequency crystal units 
mounted in the HC-13/U have been reported as 
having 0.8 µ.µ.f less shunt capacitance, and medium
frequency crystal units mounted in the HC-6/U 
holder have been described as having 0.5 µ.µ.f less 
shunt capacitance with the holder grounded. How
ever, it should be noted that crystal units so speci
fied are intended primarily for use in circuits 
where the crystal operates i.n a series-resonant 
rather than a parallel-resonant circuit. Even so, 
the grounded holder alters the entire circuit, not 
simply C0 • Thus, in the circuit of figure 1-93, sup
pose that it is necessary for the current through Z 
to be in phase with the generator voltage. If the 
circuit is properly adjusted with an ungrounded 
holder, grounding the holder will detune the cir
cuit by effectively decreasing C0 , on the one hand, 
and on the other, by shunting the load with Cm. 
The over-all effect cannot be predicted simply by 
specifying an effective change in C0 , since the end 
result will depend upon the impedance character
istics of the entire circuit. If the frequency of a 
crystal oscillator is being measured by beating its 
output with the output of a frequency standard, 
it is common practice to touch the crystal holder 
with the hand in order to determine whether the 
crystal unit which is touched is operating at a fre
quency above or below that of the standard oscil
lator. The oscillator frequency will be higher or 
lower than that of the standard according to 
whether the hand capacitance causes the beat fre
quency to fall or to rise, respectively, provided 
that the effective C0 is actually increased by the 
touch of the hand, as is invariably assumed. Before 
this assumption is made with complete assurance, 
however, the response of the circuit to a grounded 
holder should be known. 

EFFECT OF DISTRIBUTED RESISTANCE 

1-189. RL is assumed to include only the ohmic re
sistance of the electrical leads and the reflected 
resistance due to eddy currents in the holder and 
ground connections. At normal frequencies RL is 
quite small, as compared with R1; even the small
sized supporting wires of wire-mounted crystals 
have r-f resistances that are measurable in tenths 
of an ohm. As in the case of the other distributed 
parameters, the effect of RL upon the equivalent 
circuit of figure 1-91 becomes more pronounced at 
the higher frequencies. To a first approximation 
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R is simply R 1 + RL. However, at frequencies 
above 10 me, the r-f resistance of the leads in
creases directly as the square root of the fre
quency, so that, in the v-h-f range RL may be 
greater than one ohm. RL will also increase some
what if the holder is grounded, as the increased 
eddy-current losses in the shielding will be re
flected as additional resistance losses in the crystal 
circuit. At normal frequencies, however, the effect 
of RL is of minor importance ; and even at fre
quencies above 100 me, its consideration is sec
ondary to the effects of the distributed capacitance. 

RULE-OF.THUMB E(i)UATIONS FOR 
ESTIMATING PARAMETERS 

1-190. The crystal parameters for a given fre
quency vary rather widely from one crystal unit 
to the next. Even crystal units of similar dimen
sions and fabrication made by the same manufac
turer may show significant differences between 
corresponding parameters. These differences arise 
from the sensitivity of the quartz plate to slight 
changes in its angle of cut, surface state, elec
trode area, soldered connections, and the like. The 
parameter with the greatest percentage variation 
is R, and it is not uncommon for the larger values 
of R to be from 300 to 900 percent greater than 
the minimum values. The most predictable param
eter is C., since it is primarily a linear function 
of the electrode area, the thickness of the quartz 
dielectric, and the dielectric constant, all of which 
are reasonably constant for a given fabrication 
technique, although variations may be expected in 
crystal units of the same nominal frequency and 
type of mounting, when made by different manu
facturers. For the same manufacturer, nominal 
frequency, and type of crystal unit, however, c. 
rarely varies by more than ±6% of its nominal 
value. With a reasonably constant C. as a starting 
point, approximate values for the major param
eters L, C, R, and C., may be predicted for the 
principal types of crystal elements and holders. 
First, c. is computed from the known values of 
plate area, dielectric thickness, and dielectric con
stant. Next, C can be found, since it is theoretically 
equal to C. times a constant of proportionality. L 
can next be computed, since the LC product must 
conform to the nominal frequency. Next, an ap
proximate range of the values of R may be esti
mated from the empirical values of the crystal 
quality factor, Q. Since Q is the ratio XdR (or 
-Xc/R), R is thus equal to XdQ. Finally, C0 ean 
be estimated by simply adding to C., the approxi
mate total distributed capacitance common to the 
particular type of holder and mounting. 



Esthnati•9 c., Static Capacitance of Crystal 
1-191. Although the dielectric constant of quartz 
varies somewhat according to the angle of cut, 
the following formula will be approximately cor
rect for plated electrodes: 

Ce = 0.402 A/t µµ.f 1-191 (1) 

where A is the effective electrode area in square 
centimeters, and t is the thickness in centimeters. 
1-192. In the case of partially plated A elements, 
where t is a function of the nominal frequency and 
the harmonic, equation 1-191 (1) may be expressed 
as: 

C. = 2.42 Af/n µµ.f 1-192 (1) 

where f is the nominal frequency in me/sec, and 
n, an odd integer, is the harmonic of the thickness
shear vibration. Although the quartz plates range 
from 1 to more than 2 sq cm in plate area, the 
electrode area normally covers only a fraction of 
the total quartz surface. The RTMA Standards 
Committee ·on Quartz Crystals has recommended 
the following approximate electrode areas for the 
fundamental frequencies of this type of crystal 
unit. 

Frequency in me/sec 
(n = 1) 
1-2 
2-5 
5-9 
9-15 

15-20 

Electrode Area ±10% 
(sq cm) 
0.504 
0.385 
0.283 
0.159 
0.126 

For the overtone modes, where n is greater than 
1, the electrode area will be the same as that of 
the fundamental mode of frequency equal to f/n. 
The harmonics for various ranges of f are as 
follows: 

f = 10- 45 me; n = 3 
f = 45-- 75 me; n = 5 
f = 75--105 me; n = 7 

1-193. In the case of crystals vibrating in a face
shear mode, it is the electrode area A that is a 
function of the frequency. For fully plated C ele
ments, equation 1-191(1) may be expressed as: 

c. = 0.038/tf2 µµ.f 

where t has an average value of 0.05 cm, and f 
(me/sec) lies between 0.3 and 1 me/sec. 
1-194. For fully plated D elements, equation 
1-191(1) may be expressed as: 

c. = 0.0172/tf2 µµ.f 
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f (IO:IHC I 

Figure 1-94. C,. versus frequency for typical wire-
mounted N elements 

where t has an average value of 0.05 cm, and f 
(me/sec) lies between 0.2 and 0.5 me/sec. 
1-195. For a typical wire-mounted J element, 
equation 1-191 (1) may be expressed as: 

Ce = k/f µµ.f 

where: k 38 for f - 1.2 to 2.5 kc/sec 
= 2.5 to 4.0 kc/sec 

4.0 to 6.6 kc/sec 
= 6.6 to 10.0 kc/sec 

= 45 
58 

- 77 

Note that fin this case is to be expressed in kc/sec. 
1-196. Typical values of C,. for an N element are 
shown in figure 1-94. 

Estlmatin9 C, Equivalent Motional-Arm 
Capacitance 

1-197. After C¥ is known, an approximate value 
for C at the fundamental frequency can be readily 
obtained from the following equation: 

C = C./re 

'e 
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Figure 1-95. Approximate value• of the ratio of 

capacitances, ,, = ~ , for variou• plated cryual 

elements 
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where r. is simply the ratio of the electrostatic 
capacitance C. to the motional capacitance C, with 
C. and C expressed in the same units. The values 
of r. for the more important elements are given 
''n figure 1-95. For the odd harmonics (n) of the 
thickness-shear modes: 

C c.;r.n2 

Estimating L, Equivalent Motional-Arm 
Inductance 

1-197 (2) 

1-198. Since XL is equal to Xe at the series-reso
nant frequency of the motional arm, L is found 
quite simply, once f and c are known. Thus: 

1 
L = 4,r2 r2 C henries 1-198 (1) 

Remember, however, that f is expressed in cycles/ 
sec, and C in farads. 

Estimating R, Equivalent Motional-Arm 
Resistance 

1-199. A theoretical equation for R would not be 
practical, since this parameter is much too sensi
tive to slight variations during the fabrication 
process and to changes in the crystal drive. An 
approximate estimate is gained from observations 
of the value of Q for the various frequency ranges. 
Thus: 

R = 2,rfL ohms 
Q 

1-199 (1) 

where f is in cycles/sec, and L is in henries. The 
values of Q will range from 10,000 to 200,000, 
and in exceptional cases will have much higher 
values. Generally, the higher Q's are to be found 
at the higher frequencies. For face-shear elements, 
the average Q is approximately 30,000, with most 
values falling between 10,000 and 40,000. Thick
ness-shear elements will have average Q's of ap
proximately 75,000, and most of the values will 
lie between 35,000 and 100,000. 
1-200. The Q is not a dependable parameter, and 
will vary from frequency to frequency, and from 
manufacturer to manufacturer, for the same type 
of crystal unit. For example, when· expressed as 

Q = -Xc/R = 2 .,..~CR' it can be seen that Q is 
inversely proportional to C, and thus might be 
considerably increased by simply reducing the 
area of the electrodes. On the other hand, the re
sistance, R, is at least limited in practice by mili
tary specifications. For this reason, the typical 
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Figure 1-96. Typit:cd curves of the series-arm resist
ance of plated crystal, versus frequency. Actual 
serie:s-arm resistances will vary betw-n R/3 and 3R, 
where R is the value shown, except when R is leu 
than 10 ohms, in which case the minimum resistance 
will be approximately one-half the value indicated. 
Values indicated are average for fundamental mode, 
and approximately ½ the average for overtone modes 

values of R versus f, shown in figure 1-96, are 
more likely to be found in randomly selected crys
tal units than is a given value of Q. The values of 
R indicated in figure 1-96 are merely typical, how
ever, and a small percentage of actual Military 
Standard crystal units will have series-arm resist
ances as small as one-third, or as large as three 
times the amounts showh. 

Estimating C00 Total Static Shunt Capacitance 

1-201. The equation for C0 is 

where Cd is the total distributed capacitance of 
the crystal leads and terminals. Approximate 
values of Cd for plated crystals in ungrounded 
holders are given below: 

Crystal Holder 
HC-6/U 
HC-10/U 
HC-13/U 
HC-15/U 

C,1(µ,µ,f) 
0.7 
0.3 
1.0 
1.5 



IMPEDANCE CHARACTERISTICS 
VERSUS FRE9UENCY 

1-202. The superiority of the quartz crystal as a 
frequency stabilizer lies in the fact that a small 
change in the frequency will cause a much larger 
change in the impedance of the equivalent circuit 
than can be obtained with conventional inductor
capacitor networks. Where an ordinary r-f tank 
coil would have an inductance measured in micro
henries, and an effective· Q of 10 to 250, the equiva
lent circuit in figure 1-91 will have an inductance 
measured in henries and a Q of 10,000 to 250,000 
or more. C, of course, is extremely small, since its 
reactance must equal Xr, at resonance, and is com
monly expressed in milli-fff (thousandths of a 
micromicrofarad). R is expressed in ohms, and 

. although at low frequencies it may have values 
higher than 3000 ohms, depending upon the par
ticular crystal element and method of mounting, 
the more common values lie between 10 and 100 
ohms. C0 normally lies between 3.5 and 14 p.p.f, 

although much larger values are encountered 
where electrodes of large surface area are em
ployed. Among the smaller holders, such as types 
HC-6/U and HC-10/U, values of 5 to 6 µ.µ.f are 
quite common. 

1-208. Since Xr, = 2irfL 

-1 
and Xe= 2rfC 

then, the rates at which XL and Xe change with 
frequency will be, respectively: 

dXr, = 2rL 
df 

Note that both of these derivatives indicate a posi
tive change in reactance with an increase in fre
quency. However, it should be remembered that 
Xe is negative, so that a positive change in X0 

means that its magnitude becomes smaller as the 
frequency increases. On the other hand, the re
actance of the inductance increases by an amount 
2-rL for each additional cycle per second. At the 
series-resonant frequency of the series arm, the 
total reactance 
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or 

or 
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1 
2rf.L = --

2rf.C 

2rL = 1 
2rf.2C 

However, note that this last equation not only 
implies that the two reactances have equal magni
tudes at the series-resonant frequency, f., but also, 
that f. is the one frequency at which both reaet
ances will change with frequency at the same rate. 
Therefore, for small changes in frequency near 
series resonance : 

"1Xr, = .:1Xc 

And since the total change in the reactance of the 
series arm is 

then 

If f. is taken as the reference frequency, so that 
Af = f - f., then, since X. = 0 at resonance, the 
total reactance of the series arm, x., will be equal 
to L'I.X •• That is: 

1-208 (1) 

Thus, for all frequencies near f., the equivalent cir
cuit of a crystal unit may be represented as shown 
in figure 1-97, where Xco and R may be assumed 

I 
Xco•·iTtico 

Xs • 4irLAf 

figure 1-97. Impedance diagram of equivalent circuit 
of crystal unit 
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Rxi0 R 
Ro =------,,--::l!.. ,. ----

R1+[Xs +Xcg]
1 [i + 4rLAI ]• 

Xco 

z. = ~ 

@ Al= f-11 

t:igure 1-98. Equivolent circuit of crystol unit when 
represented os on effective reac:tance in series with on 
effective resistonce. The ganged arrows indicate that 
X, and R, will vary together with changes in the 
frequency, os indicated by the approximate formulas 

given os functions of Ai. (Xc0 is negative.} 

to be constant, but with X. a variable that changes 
linearly with Af, and has the same sign as t1r.f. 
1-204. The series-parallel circuit of figure 1-97 
may be reduced to an equivalent circuit of X. and 
R. in series, as shown in figure 1-98. It should be 
remembered, however, that x • .., is negative, where
as X. is either negative or positive, according to 
the sign of i1f. The values of R. and x., expressed 
as functions of tlr.f, are not exact, but are close 
approximations, well within the accuracy of the 
normal test procedure, except when the numera
tors reduce to zero. Note, however, that with 
Af = 0, the approximate expressions equate x. 
to 0, and R, to R. This is equivalent to assuming 

that ~co is infinite by comparison with R, so that 
at series resonance of the motional arm the crys
tal unit as a whole behaves as a pure resistance 
equal to R. Although this is a close approximation 
it is not exact. For x. actually to be zero, th; 
term (R1 + X.S + Xe0 X.) must be zero. There 
are two frequencies at which this will occur. One 
is called the resonant frequency of the crystal unit, 
f,, and the other is called the parallel-resonant, or 
antiresonant frequency, f •. 

RESONANT FRE9UENCY OF CRYSTAL UNIT 

1-205. First, it should be remembered that f., the 
resonant frequency of the crystal unit, is almost, 
but not exactly, identical with f., the series-reso
nant frequency of the motional arm. If there were 
no shunt capacitance, C0 , then f, would indeed be 
the same as f.; but, as it is, C0 introduces a reactive 
component to the current which must be cancelled 
by a reactive component of opposite phase through 
the motional arm, if the crystal unit is to appear as 
a pure resistance. These conditions are illustrated 
(not to scale) in the vector diagram of the currents 
~hrough the two arms of the crystal unit, shown 
m figure 1-99. "'Note that the frequency at which 
the crystal unit has the lowest impedance (maxi
mum current) is f •. Since X. = 0 at this frequency, 
the equivalent circuit of figure 1-98, according to 

• This sentence applies only ·to the relative impedances 
suggested by the current vectors in figure 1-99. It can be 
shown that the true minimum impedance of the crystal unit 
occurs at a frequency, fm, that is e.s far below f as f is 
above r.. • r 

REACTIVE I 
+ 

Ir' TOTAL CURRENT AT SERIES 
RESONANCE I fr) 

Is • TOTAL CURRENT AT SERIES 
RESONANCE OF MOTIONAL ARM (Is i 
1eo + hs 

lc
0 

CURRENT THROUGH Co• CONSTANT 

lu= CURRE!tT THROUGH MOTION4.1. 4.RM AT t, 
1., • CURRENT THROUGH MOTIONAL ARM AT Ir 

1.,,•-lc. • REACTIVE COMPONEIIT OF r., 
I,,.• Ir • RESISTIVE COMPOIIENT OF I_, 

1;:
0 

_________ 

1

t
1 

----------+.1e;::::;'--..l-U""-'-!..l.--._.t'~lt!!.t ___ RESISTIVE l 
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Figure 1-99. Phasor representation (greatly exaggerated} of current 
through arms of crystal unit at the series-resonant frequencies, f, and I,. 
Distributed inductance of the crystal leads is as,umed to be negligible 
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equations 1 and 2, becomes 

and 

X. Xco ( R2 :~c
0

2 ) 

R. = R ( R2 :c~c
0

2 ) 

Except at the very high frequencies, Xe. is much 
larger than R, so that R~ = R, and x. is so small 
that it may well be more than annulled by the dis
tributed inductance of the. external wiring. Even 
at frequencies in the neighborhood of 100 me, Xco 
will have a magnitude in the vicinity of 400 ohms, 
or approximately 10 times or more than that of R, 
so that Re will equal R within ± 1 percent. The true 
frequency at which a "series-resonant" crystal 
circuit is intended to operate, however, is f., where 
all the reactive components of crystal current 
cancel. Actually, the term "series-resonance" is 
somewhat misleading, for the conditions of crystal 
resonance are those of a parallel, and not a series 
circuit. It should be understood that when we 
speak of series-mode circuits and oscillators, the 
operating frequency is generally assumed to be f,. 
1-206. By equation 1, figure 1-98, in order for X. 
to be zero, the frequency must be such that: 

R2 = - (X.2 + Xc0 X.) 

Since Xe. is negative, this equality can only exist 
when X. is positive, i.e., X. is inductive, and f > f •. 
At frequencies very close to f., Xe. > > x., so that 
X.' may be considered negligible. Thus, f, will be 
the frequency at which 

R2 = - Xc0 X. = - 4r LXc.,Af, 

where M, = f, - r. 
Since Xe0 is negative, 

- R2 
M, = 

41rLXc0 1-206 (1) 

1-207. As a concrete example, assume that a par
tially plated A element, mounted in an HC--6/U 
holder according to RTMA recommendations, op
erates at resonance in its fundamental mode at a 
nominal frequency of 10 me. Approximately, what 
value of Af, could be expected? Referring to para
graph 1-192, we find that A 0.159 sq cm. On 
substitution in equation 1-192 (1) : 

C0 = 2.42 X 0.159 X 10 = 3.85 µ.µ.f 
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According to figure 1-95, r. = 250. Thus, by 
equation 1-197 (1): 

C = 3.85 1.54 X 10 2 µ.µ.f 
250 

By equation 1-198 (1): 

1014 
L=---~--~---

4 X 3.142 X 1014 X 1.54 

1.65 X 10-2 henries 

According to paragraph 1-201: 

c. = 3.85 + 0.7 = 4.65 µ.µ.f 

So that 

Xco 
- 1012 

6.28 X 107 X 4.55 

- 3.5 X 103 0 

From figure 1-96, a typical value of R is found to 
be 8 n. On substitution of the foregoing values of 
R, L, and Xr0 in equation 1-206(1), we find that: 

g2 X 10-1 

4 X 3.14 X 1.65 X 3.5 

= 0.088 cycle/sec. 

With such an extremely small difference between 
the two resonant frequencies of the crystal unit 
(less than 1 part of 108

), for all practical purposes 
it can be assumed that f. fr, Indeed, it would be 
academic to seek to distinguish between them. Re
member, however, that the discussion has only 
concerned the equivalent circuit, in which the 
effects of the distributed inductance have been 
assumed to be reflected in a lower series-arm fre
quency,. and a larger C0 • If the parameters in the 
example above are assumed to be the "true" 
values, so that the inductance of the leads must 
be represented separately, then a slightly more 
realistic interpretation will be possible. Assume, 
for instance, the L 1, =.10- 8 henries. Then 

XLL = 21r LiJ. = 0.628 

In order for X. to cancel this reactance, then, by 
equation 1 in figure 1-98: 

- 41r LL\ fr = 0.628 

or 

- 0.628 
M, = 4r X 1.65 X 10-2 = 3 cycles/sec 
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The inductance of the external connections could 
easily increase this value of Af, ten-fold, so that 
for optimum frequency stability, an external series 
capacitance would be necessary. It is important to 
note the negligible effect that a small change in 
R or C., will have on the frequency of a crystal 
unit at series resonance. In equation 1-206 (1), as 
applied to the 10-mc crystal unit, even if R should 
triple in value, the frequency would not change 
by more than 1 part in 101• Although the power 
transferred through the crystal would be dimin
ished, as would the Q, and hence, the effectiveness 
of the crystal as a frequency stabiJizer, a reason
able increase in R will not, in itself, cause the fre
quency of a series-resonant crystal oscillator to 
drift. 

ANTIRESONANT FRE9UENCY OF 
CRYSTAL UNIT 

1-208. Returning again to equation 1 of figure 1-98, 
it can be seen that the term (R1 + x.• + Xeo X.) 
can also be zero at some higher frequency than f., 
namely, when x. = X0o (R2 being negligible). This 
would represent the high-impedance, parallel-reso
nant state of the equivalent circuit in figure 1-97. 
Letting Af. = f. - f. then, at f., the antiresonant 
frequency 

X.. = 41r LM. = I Xco I 
so that 

M = !Xcol 
" 41r L 

1-208 (1) 

On substitution of the typical values of Xc0 and L 
that were found for the 10-mc crystal unit: 

M = 3.5 X 10
3 

'" 4 X 3.14 X 1.65 X 10-: = 16·9 kc/sec 

For a 10-mc crystal, this value of f. represents a 
0.169 percent frequency range in which the crystal 
may be used as a frequency-control device. At all 
frequencies within its range, except at f, and f., 
the unit will appear to the external circuit as an 
inductive reactance, X., in series with a resistance, 
R.. There is a very simple relation between the 

. · Af 
fractional frequency range, T• and the ratio of 

the capacitances, r = g0
, that can be derived from 

equation 1. Thus: 

1 
t.fa = 41r L 2r fC., 
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so 

1 
M,.lf = 2,l LCo 

where w = 2r r. Now, 

w2 = 1/LC 

so, on substitution: 

M./f = C/2C0 = 1/2 r 1-208 (2) 

In the case of plated crystals, r is usually some
what less than that predicted by theory. Where 
it should be slightly greater than the values of 
r. in figure 1-95, since C0 > c., it is usually some
what less. However, as a practical rule-of-thumb 
it can be assumed that r = re, but only in th~ 
cases where C0 ~ C •• The ratio of capacitances, r, 
is quite an important parameter of the crystal unit 
in its own right, not only as an indication of the 
maximum percentage width of the frequency band 
in which a particular crystal element can operate, 
but, as will be discussed later, as a measure of the 
electromechanical coupling, and also, because of 
its relation to the frequency stability. 

IMPEDANCE CURVES OF CRYSTAL UNIT 

1-209. Figure 1-100 shows the typical characteris
tics of the equivalent impedance circuit of figure 
1-98, but with the frequency scale greatly ex
panded near the resonance point of the crystal. At 
frequencies sufficiently removed from resonance, 
both above and below f,, where the motional im
pedance is large compared with Xeo, the X. curve 
is essentially the same as the reactance curve of a 
capacitance equal to C.,. x. is inductive only be
tween its two zero points, f, and f,. Note that R. 
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Figc,re 1-100. Impedance cltaroderlstics versvs ,,._ 
qvency of crystal vnit. Neitlter tlte freqvency nor flte 

impedances are drawn to scale 



rises sharply to a maximum at f., where it is equal 
to the parallel-resonant impedance of the equiva
lent circuit of figure 1-97. Since R is much smaller 
than Xe.,, at antiresonance 

In the case of the particular 10-mc crystal unit 
where Xc0 = -3.5 X 1030, and R = 80, R. at 
antiresonance will be approximately 1.5 megohms. 
Z.(= y'R.2 + X.,2) at most frequencies is simply 
equal to x .. Only in the immediate regions of f, 
and f., where X. becomes negligible, is the magni
tude of z. affected greatly by R •. The impedances, 
of course, are not drawn to scale. For example, if 
z. at antiresonance were drawn to the scale used 
for z. at resonance, the curve could extend more 
than a mile above the horizontal axis. 

PARALLEL-RESONANT FRE9UENCY, fp, 
OF CRYSTAL CIRCUIT 

1-210. Although an oscillator may depend upon a 
crystal operating at its series-resonant frequency, 
it is not practicable for a crystal unit to control 
an oscilJator at the antiresonant frequency, f •. The 
crystal will either be operated to pass a maximum 
current (series-resonant circuit), or to develop a 
maximum voltage (parallel-resonant circuit) at 
some proper phase and frequency. It would seem 
that these latter conditions could best be met by 
operating the crystal unit at its antiresonant fre
quency, for it is in this region that the effective 
impedance is most sensitive to small changes in 
the frequency. However, another circuit, such as 
the input of a vacuum tube, will necessarily be 

figure J.JOJ, Equivalent parallel-resonant circuit of 
crystal unit (X,p, R,.,J sbunted by load (X,., R,). Nor
mally I, < fp < fa, IO that X,, is inductive and Xr 

is capacitive 
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shunted across the crystal. The shunt, or load cir
cuit into which the crystal operates will have a 
much lower impedance than that of the crystal 
at antiresonance, so that the total impedance will 
be relatively insensitive to small frequency varia
tions in the region of f •. In determining the actual 
frequency stability, the entire circuit must be con
sidered as a whole. The operating frequency may 
be considered as the resonant frequency, fp, of an 
equivalent parallel circuit, as shown in figure 
1-101. X,1, and Re() are simply the reactance and 
resistance of the equivalent circuit of the crystal 
unit at fp, and X, and R. are the equivalent shunt 
reactance and resistance, respectively. Since x. is 
more frequency-sensitive above series resonance 
than below, there is normally no advantage in 
using a crystal in circuits that require x. to be 
capacitive. Thus, in practice, f,,, will be some inter
mediate frequency between f, and f., so that x.p is 
always inductive and X, is always capacitive. The 
distinction made between "parallel resonance" and 
"antiresonance" in this discussion is somewhat 
arbitrary, and it is not uncommon to use the term 
"antiresonant" to describe any parallel-resonant 
crystal unit. 

Effects of Changes in Shunt Capacitance on fP 

1-211. In discussing ~f.. the difference between 
the motional and the effective resonant frequency, 
it was found that 

l R2 I 
Af, = l41r L Xco 

That this quantity is normally insignificant is for
tunate, for it varies directly with the square of 
R, a parameter quite likely to change during opera
tion. On the other hand, it was later found that 

I 

Xco 1· Af., = 41r L 

could amount to more than 0.1 percent difference 
in frequency. In this case, since, i.'l.f. is relatively 
large, it .is also quite fortunate that, to a first 
approximation, the antiresonant frequency of a 
given crystal unit is independent of operational 
changes in R. However, it is not the antiresonant 
frequency of the crystal unit itself, but rather, 
the actual parallel-resonant frequency at which 
the crystal unit will operate that is of primary 
interest. Let f1, - f. = i.'l.f1,. Now, it can be imagined 
that Afr is simply the i.'l.f. of a crystal unit whose 
shunt capacitance C0 has been increased by an 
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Zp .. R+Ry • R+Rr 

Figure 1-102. Equivalent parallel-resonant tank cir
cuit, in which the motional impedance of the cry5tal 
unit is the inductive arm of the tank, and the total 

shunt impedance is the capacitive arm 

amount C,. and which has an effective resistance 

added to the shunt arm equal to Rx ( CoC-f-Cx r This 
last assumption can be made wiiliout introduc
ing an appreciable error as long as Rx is small 
compared with X,. The multiplying factor is 

needed, since only a fraction, (C
0 

~ cJ• of the 
total equivalent tank current wifl flow through Rx. 
The equivalent tank circuit is shown in figure 
1-102, where CT and RT are the values of the shunt 
parameters. Now, since ~fP is equivalent to the 
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~f. of a crystal unit that has C0 = CT, ~f P will be 
expressed by the same general formula that 

holds for M •. Thus, Mp = l.!.cl. Also, since 
XT -l/2irfC.r, it can be seen that ~f1, will be 
inversely proportional to the total shunt capaci
tance. Although C0 , itself, is the most stable of all 
the crystal parameters, the stability of the effec
tive external capacitance C, will depend upon the 
over-all design of the oscillator circuit. The crystal 
unit may be considered a device that determines 
the limits within which the frequency may be 
varied; that is, f" must lie somewhere between f, 
and f •. However, it is primarily the parameters of 
the external circuit in conjunction with the equiva
lent L, C, and C0 of the crystal that fix the exact 
frequency; and although the stability of the crys
tal parameters is fundamentally a problem for the 
crystal manufacturer, the stability of the effective 
CT is largely the concern of the radio designer. 
1-212. Figure 1-103(A) shows the reactance curve 
of X. versus frequency, and figure l-103(B) shows 
the reactance curve of XT versus CT. The values 
of x. are those of the 10-mc crystal unit which 
has previously been taken as an example, and 
where Lis assumed to be 1.65 X 10-i henry. Note 
that the variations in XT with frequency have been 
neglected, and f is simply assumed to equal the 
nominal frequency of 10 me, insofar as the capaci
tive arm is concerned. Since X. and XT are drawn 
to the same scale, a horizontal line drawn through 

(B) 
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both curves will intersect points of equal but oppo
site reactances. These points of intersection will, 
in turn, indicate the value of Af required for a 
given Cr, if the two arms are to be resonant. For 
example, at Cr = 7.69 ,,.,,.f, XT = -2000 n; so that 
in order for X. to be 2000 o, Afp must equal 9.65 kc. 
Likewise, a CT of 40 µ.µ.f will mean approximately 
a Afp of 2 kc. Now it so happens that the part of 
CT represented by Cx will have a component that 
tends to vary with changes in the plate voltage 
applied to the vacuum tube, changes in the tem
perature or the tuning, changes in the coupling 
and neutralizing adjustments, and any changes in 
the vacuum-tube characteristics or other circuit 
parameters due to other causes. Such a change in 
Xx will cause not only a change in the resonant 
frequency, but also a change in the amplitude of 
the oscillations. If a given change in Cs is to have 
a minimum effect upon the frequency and power 
expenditure of the oscillator, then Cr must be as 
large as possible without seriously reducing the 
stabilizing effect of the crystal. In other words, 
CT should have a value where the slope of the 
Xrvs-CT curve is not. steep. For the 10-mc crystal 
of figure 1-103, maximum stability would be ob
tained with CT between 36 and 40 µ.µ.f. With C0 

equal to 4.55 µ.µ.f, this would mean a load capaci
tance, Cx, between 32 and 36 µµ.f. As much of C, 
as is possible should be supplied by a fixed or ad
justable capacitor connected directly across the 
crystal unit or in some other part of the circuit, 
so that its effective capacitance with respect to the 
crystal terminals will remain constant, and not be 
affected by changes in the tube characteristics. 
This would reduce the variable part of C., to a 
minimum. Cr, however, should not be made so 
large that XT will approach the rriagnitude of R, 
otherwise the crystal will not only lose some of 
'its stabilizing effectiveness, but will require an 
excessive drive level to maintain oscillations. 

Stobllizln9 Effect of Crystal on fp 

1-213. Although Cr.plays an important role in the 
final determination of the frequency, it is the crys
tal itself that must be primarily responsible for the 
stability of the frequency-that is, if the use of a 
crystal is to be justified. For this reason, care 
should be taken to make certain that the apparent 

Q. of the crystal series arm ( i") is as large as 
10, if possible, and preferably much larger during 
operation. Otherwise, the series-arm impedance 
will not respond with maximum sensitivity to 
changes in CT. However, since XT, and hence X., 
must be kept small to reduce the effects of a 
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change in CT, it might appear at first thought that 
a conventional coil could serve quite as well as a 
crystal. The reason why this is not true is that 
the frequency stability is dependent upon the mag
nitude of the change in reactance for a given 
change in frequency, and not primarily upon the 
total magnitude of the reactance. It will be re
called that, in the conventional L-C circuit, the in
stantaneous rate of change of XL with frequency is 

dXL = 21rL 
df 

and that, at resonance 

dXL dXc --=--
df df 

In the parallel-resonant crystal circuit, however, 
these equalities do not hold, for X. = 41r.1fL, and 

not 2,,.fL. Thus,~•= 4,,.L, where L of the crystal 

is greater than L. of a coil of the same reaetance 
by a factor of f/2ti.f. Since at resonance, the rate 
of change of XT would equal that of XL<, it follows 
that 4 ... L, the change in the motional reactance 
with frequency, will be f1,/ Afp times as great as 
the change in XT with frequency. Consequently, 
the stabilizing effect of the crystal is much greater 
than that of the shunt reactance, so that, for all 
practical purposes, the crystal can "automatically" 
annul the effect of small changes in CT, but not 
vice versa. It can be seen that, even with X. rela
tively small, the stabilizing effect of the crystal 
for a fixed change in X'l, is not diminished, pro
vided, of course, that X. is sufficiently large, as 
compared with R, so that the total impedance of 
the series arm is essentially equal to, and varies 
linearly with, X,. (See paragraphs 1-238 to 1-245.) 

Effect on Parallel Crystal Circuit 
Due to Variations in Resistance 
1-214. As Jong as the apparent Q of the parallel-

resonant circuit (R t•RT) is at least as great as 
10, a change in either R or RT will not, in itself, 
have a large effect upon f1,. However, depending 
upon the design of the particular circuit, a change 
in the resistance may indirectly affect the fre
quency by causing a change in Cr, since, to a cer
tain extent, the effective CT will be a function of 
the other circuit parameters. The most critical ef
fect due to changes in the resistance parameters 
is the effect on the power required for excitation 
of the oscillator in order to obtain a given output. 
The impedance, Z1,, of the parallel circuit at reso-
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nance will be approximately R ~P~T. An increase 

in the total resistance of 100 percent would thus 
decrease ZP by one half. If , for example, the output 
of the oscillator depended directly upon the r-f 
voltage across ZP (i.e., across the crystal), a de
crease in Zp by one half would require twice as 
much power in the crystal circuit to maintain the 
output at the same level as before. A part of RT 
will be the result of reflected resistance losses in 
the output circuit. An increase in the load will thus 
be reflected as an increase in RT. This is unfortu
nate, for if the load should increase it would be 
desirable to have an increase in Zl', to raise the 
excitation voltage automatically, or at least to keep 
it constant. As it is, the effect is to decrease the 
excitation, unless special circuits, such as the Tri
Tet, are employed to increase the feedback directly. 
If a principal component of the losses in RT are due 
to the losses in the grid circuit, and if the oscilla
tor design is such that the grid current is not 
linear with the excitation voltage, but rises at a 
much greater rate, then RT can rapidly increase 
or decrease with the excitation voltage, and ZP will 
vary inversely. Under these conditions, Zp will 
always change in a direction that will tend to annul 
any change in the excitation voltage. The greater 
that part of RT reflecting the grid losses, as com
pared with that part reflecting the output losses, 
the greater will be the amplitude stabilizing effect 
for counteracting changes in the plate voltage or 
the effective load resistances. Another character
istic of a crystal circuit in which RT varies auto
matically is that the effect resulting from a varia
tion in R is minimized. Assume, for example, that 
the desired output at a constant load will require 
a certain effective value of Zv. If, for some reason, 
R should change, thereby changing the excitation 
voltage, RT would tend to change by an equivalent 
amount in the opposite direction, thus maintain
ing Zr, and hence the output, essentially constant. 
However, a change in R or~ will almost certainly 
be accompanied by a change in the crystal power 
losses, thereby causing a frequency drift if the 
particular crystal unit is frequency-sensitive to 
the drive level. At this point, however, the impor
tant items to note are: (1) XTi, and hence X. 
preferably should not be smaller than lO(R+RT), 
or the maximum stabilizing effect of the crystal 
will not be realized; (2) the direct effect of a 
change in (R + RT) is to change ZP; (3) the ef
fects of a change in ZP primarily will involve 
changes in the excitation volt.age, in the power 
expended in the crystal circuit, as well as that de
livered to the load, and in the equivalent value of 
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Cr, thereby also changing the frequency; (4) if 
changes in either R or RT are such that the power 
expended in the crystal unit itself is caused to 
vary, then a significant change in the frequency 
characteristics of the crystal may result; and (5) 
for maximum frequency stability, the oscillator 
should be lightly loaded, and the drive level of the 
crystal should be as small as is practicable. 

Effect on Parallel Crystal Circuits Due to 
Variations in Motional-Arm C or L 

1-215. Crystal circuits operated at the resonant 
frequency of the crystal units may be only slightly 
affected by variations in C or L from one crystal 
unit to the next, or even during the operation of 
a particular unit, provided that the effective LC 
product remains constant, so that the frequency 
does not change. In the parallel-resonant circuit, 
however, even if f. is the same, a different C and L 
means a change in Afp. For a given CT and nominal 
frequency, XTp, and hence, X.p, must remain ap
proximately constant, so that Afp, equal to X""/4,rL, 
will tend to vary inversely with L. The exact value 
of L for a given crystal unit will depend upon the 
effective electrode area, the orientation of the cut, 
the thickness of the crystal, whether twinning is 
present in the quartz, and the degree to which 
spurious modes are coupled to the desired mode. 
Insofar, as the variations in L from one crystal 
unit to the next are concerned, no problem arises 
unless it is necessary to adjust fp to an exact value; 
in which case the problem of the design engineer is 
to ensure that Cr will be sufficiently adjustable so 
that the desired fp may be obtained with any 
reasonable value of L. Since such adjustments 
must be provided for anyway, in order to allow for 
different values of f., no new problems are intro-
duced, except that a greater deviation in Afp must 
be met than otherwise. Unless spurious modes are 
closely coupled to the desired mode, the variations 
in L that might octur during the operation of a 
particular crystal unit will be too small to affect 
the magnitude of Afp, as long as XTp remains con
stant. However, the operational variations of L 
and/or C may be such that f, will change, in which 
case fp will also change. Such a deviation in fre
quency, i.e., in the equivalent LC product, would 
occur during changes in temperature or drive level, 
or because of fatigue or other aging effects. Mini
mum variations in L and C are obtained by the 
use of low temperature-coefficient crystals and 
constant-temperature ovens, and by ensuring that 
the drive level will remain both low and constant. 
In any event, a reasonable operational variation in 
fp can be compensated for by an adjustment in Ci,. 

• 



Ml•hnum Value of Afp 

1-216. Returning to equation 1 in figure 1-98, let 
ft be imagined that X., represents the effective re
actance of the motional arm of a crystal unit in 
parallel with a total capacitance Gr, instead of 
simply the --C., · of the crystal unit, itself. Further
more, assume that R.r is negligible. As before, the 
condition of resonance is that Xe be zero, which 
will occur only when 

R2 + X.2 + x. XT = 0 

(Note that XT now replaces Xe.,,) Now X. = 41rLAf, 
and on substitution in the preceding equation and 
rearranging, it is found that 

Note that this is simply a quadratic equation of 
the type AX' + BX + C = 0, so by the quadratic 
formula 

at= 

The ± term indicates that there are two possible 
solutions for Af at which resonance will occur. One 
of these is equivalent to Afr (but with Co replaced 
by Gr), and the other is equivalent to Alp. For 
these solutions of Af to be real, XT1 must be greater 
than 4R1 ; otherwise, the expression under the 
radical sign becomes negative, and Af will be 
imaginary. However, in the special case where 
XT1 - 4R1 = 0, there is only one solution for Af.. 
In other words, 

This represents the minimum value obtainable for 
4fp; or, from the point of view of series resonance, 
it may be considered the maximum value obtain
able for 4f,. The important point to note is that 
neither parallel nor series resonance is possible 
unless XT' is equal to, or greater than, 4R1• At the 
minimum 4fr, 

Xl = 4R2 

or 
I xT;R I = x.;R = 2 

It should be remembered that all the resistance 
has been assumed to be in the motional arm, and so 
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has the effect of limiting the maximum component 
of lagging current for a given voltage; but parallel 
resonance could be achieved at any frequency be
tween f. and f. if RT were equal to R. However, 
since Co limits the minimum amplitude of leading 
current, RT cannot be made equal to R for all 
values of f,,, and there will still be a minimum fp 
greater than f.. (A minimum which can be shown 
to be identical with the natural f, of the crystal 
unit.) With RT assumed to be negligible, the ratio 
of reactance to resistance equal to 2 represents 
the minimum apparent Q. of the parallel crystal 
circuit, if resonance is to be obtained. As stated 
previously, if the full stabilizing properties of the 
crystal are to be in use, Q. should be at least 10. 
However, if the power delivered to the crystal cir
cuit is sufficient, oscillations can be maintained as 
long as the apparent Q. does· not fall below 2. This 
occurs at the frequency at which the amplitude 
of the lagging component of current through the 
series arm is the maximum obtainable. 

TYPICAL OPERATING CHARACTERISTICS 
OF CRYSTAL UNIT 

1-217. Figure 1-104 shows the effective impedance 
characteristics of the 10-mc crystal unit which has 
been assumed to have the following parameters: 

L = 1.65 X 10- 2 henry 
C = 1.54 X 10-2 ,,_,,J 
R = 8 ohms 
Co= 4.55 p.p.f 

X., R., and z. are given by equations 1, 2, and 3, 
respectively, in figure 1-98; Xe .. is assumed to be 
equal to -3.5 X 101 ohms for all values of Af. Note 
that the normal operating range covers only about 
one fourth of the total range between fr and f •. 
Of course, if C., were greater than the value as
sumed, b.f. would be smaller and the normal opera
ting range would be a larger percentage of the 
total. As explained previously, CT ( = Co + c.) 
must be relatively large, so that small variations 
in Cx will not greatly affect the frequency, and it 
is this consideration that limits the practical oper
ating range to low values of o.f. At parallel reso
nance, x. must approximately equal -X., for the 
same reason that x. must equal -XT. Standard 
military high-frequency crystal units are normally 
tested with a value o:f Cx 32 ,,.,,J. At 10 me, a 
capacitance of 32 ,,_,,_f will have a reactance of 
approximately -5000, as indicated in figure 
1-103 (B). With C0 = 4.55 ,,_,,_f, CT will be 36.55 p.p.f, 

which corresponds to a value of XT = -440 n, and 
a o.f = 2.1 kc/sec. A.f can also be found from the 
reactance curve of figure 1-104 at the point where 
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Figure 1-104. Typical c#taracterlstic curve, for X, and R, of 10-mc crystal unit. 
(Sltunt resistonce, R1, acrvu crystal I• auumed to be negligible) 

Xe -Xx = 500 o. Crystal units are sometimes 
operated in series with an external capacitor, c., 
as indicated in figure 1-105. Slight variations in 
the frequency can be compensated for by adjust
ments of C., and resonance will occur at the fre
quency at which Xx is exactly annulled by X... If 
the ratio of X./Re is sufficiently large, then for all 
practical purposes the series-resonant frequency, 
f • ., is the same as the fp of the crystal unit in 
parallel with the same C,. At resonance, the crystal 
unit and Cx in series have an effective impedance 
equal to Re. Although there is an effective maxi-

Q X. h f Af. 't h . I mum em = R. w en A = 2 ·, 1 as no specia 
significance directly concerning the frequency sta-

AT fr•: 
x,+ X11:;=0 
Z • Re 

Figure 1-105. Equivalent circuit of crystal unit 
connected in series witl, capacitor 
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bility of the circuit, but does tend to increase the 
activity. In general, if a series capacitor is used, 
its reactance will be small, as compared with Xe.,. 
Indeed, it may be used for no other purpose than 
to annul the self inductance of the crystal leads. 
It can be seen in figure 1-104 that Re does not in
crease nearly as rapidly as does Xe, except in the 
region of f •. With c. = 32 ,,.,,.f, Af,. ( = f,. f.) 
will be 2.1 kc for the crystal unit of figure 1-104, 
and R. will be between 11 and 12 ohms. 

MEASUREMENT OF CRYSTAL PARAMETERS 

1-218. The parameters L, C, R, and C0 of any crys
tal unit chosen at random are effectively four inde
pendent variables, so that a minimum of four 
measurements are required to determine the 
values of these variables. Probably the four easiest 
measurements to make are those for f., R, C.,, and 
f,... The measurement for the last quantity is made 
when a known load capacitance Cx is connected in 
series with the crystal unit. Since fm the resonant 
frequency of the crystal and c. in series, for all 
practical purposes will be equal to the fi, of the 
crystal in parallel with C., we shall normally not 
make a distinction between the two frequencies in 
the following discussion, but shall use the symbol 
"fp'' in referring to either. 



MNnremHt of ... Shunt Capacitance, C0 

1-219. At all frequencies sufficientJy removed from 
resonance the crystal unit will have the character
istics of a capacitance equal to C0 • Thus, at these 
off-resonance frequencies, C., can be measured by 
a conventional Q meter or an r-f bridge. The fre
quency at which C., is to be measured should be 
lower than, but reasonably close to, the operating 
frequency, particularly if the crystal unit is to be 
operated at a high harmonic mode in the v-h-f 
range. Otherwise, the effect of the distributed in
ductance of the leads will not be properly taken 
into account. 

Meas• renaent of ti•• Serles-Arna Resistance, R 
1-220. R is normally measured with the aid of a 
CI meter (crystal impedance meter). (See also 
paragraphs 2-60 through 2-65.) There are four 
standard CI meters with which the crystal units 
described in Section II of this handbook have 
been tested : 

Crystal Impedance Frequency Range 
Meter (kc/sec) 

TS-710/TSM 10 to 1100 
*TS-537/TSM 75 to 1100 
TS-330/TSM 1000 to 15,000 
TS-683/TSM 10,000 to 75,000 

• (Crystal Impedance Meter TS-537 /TSM may soon 
be replaced entirely· by the recently developed 
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Crystal Impedance Meter TS-710( )/TSM.) A Cl 
meter is essentially an r-f oscillator provided with 
a feedback circuit in which a crystal unit or a re
sistor, or a crystal unit in series with a calibrated 
capacitor, can be connected. A simplified schematic 
diagram of a typical CI meter is shown in figure 
1-106. The circuit shown is a modified Colpitts 
oscillator in which the tank inductor has been ef
fectively divided into two equal sections, L1 and 
Li, between which a resistor, R0 , equal to R., the 
effective resistance of the crystal unit, can be con
nected. The ganged tuning capacitors C1 and C2 

are at all times equal. Cn is simply a blocking 
capacitor to isolate the plate voltage from the crys
tal terminals, and adds only a negligible reactance 
to the tuned circuit. The potentiometer, P, is used 
to control the screen grid voltage, and hence the 
r-f output of the tube and the drive level of the 
crystal. With S, connected as shown, and R., ad
justed to a value typical of the motional-r.::-m R for 
the type of crystal unit being measured, the circuit 
will oscillate at approximately the resonant fre
quency of the tank. If C, and C2 are adjusted so 
that the natural frequency of the oscillator is near 
the nominal frequency of the crystal, then, on con
necting the crystal into the circuit, oscillations 
will continue, but with the frequency determined 

B+ 
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I 
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figure 1-106. Simplilled schematic diagram of Cl meter 
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by the total reactance of the tank, including x. 
of the crystal unit. There is no standard practice 
as to grounding the crystal holder; but whether 
grounded or ungrounded, the method of connect
ing the crystal unit should be noted. The drive is 
adjusted so that a very small grid current is indi
cated on M1 • Under these conditions the control 
grid is positive with respect to the cathode only 
at the peaks of the positive swings of the excita
tion voltage developed across C,. Since electrons 
flow from cathode to grid only at these instants, 
a small percentage change in the excitation volt
age, as illustrated in figure 1-107 can cause a very 
large percentage change in the cathode-to-grid 
electron flow. In an actual circuit the idealized 
constant bias that is indicated in figure 1-107 does 
not occur because of the gridleak action. However, 
if the gridleak contribution to the bias is very 
small compared with that part developed across 
the cathode resistance, the increase in bias due to 
an increase in excitation occurs almost entirely 
across RK, not across the cathode resistance. 
Hence, a five or ten per cent increase in the total 
bias can result from hundred per cent increase in 
the gridleak IR drop. In this way, the grid current 
meter is a very sensitive indicator of slight 
changes in the r-f voltage across C,, and hence of 
any change in the tank current. With S, in the 
crystal position and S2 closed, as C, and C2 are 
varied, a peak in the grid-current reading indicates 
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a maximum current through C,. This in turn 
means that the effective resistance of the crystal 
unit has reached the minimum value equal to the 
series-arm R. In other words, the oscillator fre
quency is coinciding with the resonant frequency, 
f., of the crystal unit. R0 can now replace the crys
tal in the circuit and be adjusted to give the same 
meter readings at the same frequency. At this 
point R0 will equal R, and, since R0 is known, R 
will have been measured. The crystal current 
meter, M., is not sufficiently sensitive to permit an 
accurate observation of the small changes in tank 
current that occur as the circuit is tuned through 
f,. The purpose of the meter is to decrease the 
possibility of overloading the crystal and to pro
vide a ready meims for determining the exact drive 
level at which the crystal is being tested. Since the 
crystal parameters may change with the drive, it 
is necessary to specify the drive level at which the 
measurements are made. Expressed in milliwatts, 

• the drive level equals PR X 10-1 , where I (in 
milliamperes) is the current through M2 at f,. If 
a crystal-current meter is not supplied, two vac
uum-tube voltmeters can be used to measure the 
voltage from each crystal terminal to ground with
out seriously affecting the circuit. Where E is the 
difference in potential across the crystal, equal to 
the difference between the two terminal voltages, 
the drive level is equal to E' /R. The temperature 
at which the measurements are made should also 
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Figure 1-101. How a small percentage change in excitation voltage can cause a large percentage change in 
grid-lealc current of Cl meter. Sias does not actually remain constant as indicated, but follows the percentage 

changes of excitation voltage. Nevertheless, the relative percentage variations of grid current and excitation 
voltage can be approximately as shown when the greater part of the bias 

is developed across the cathode resistance 
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' .. 
be specified, although, in general, the variation of 
R with ambient temperature is much less than 
.its variation with the amplitude of the crystal 
vibrations. 

'Mea111rement of the Resonance Frequency, f, 

1-221. To measure f,, a c-w radio receiver, a radio
frequency standard, a calibrated audio-frequency 
source (interpolation oscillator), and either a 
loudspeaker, a pair of ear phones, or an oscillo
scope are used in conjunction with the CI meter. 
With the crystal connected in the CI-meter circuit 
and the oscil1ator tuned to series resonance, the 
r-f output can be loosely coupled through a coaxial 
cable to the antenna post of the c-w radio receiver. 
After the receiver is tuned to the frequency of the 
crystal unit, the Cl meter is turned off, and the 
receiver is connected and tuned to receive the par
ticular harmonic of the frequency standard that 
is nearest to f,. The bfo of the receiver is then cut 
off, and the CI meter is turned on. With both the 
standard and the CI-meter signals being fed to 

'·'the receiver input, the output of the receiver will 
be an audio beat note equal to the difference be
tw'een the known standard frequency and the un
known crystal frequency. By momentarily switch
ing a fairly large value of C, in series with the 
crystal, so that the CI-meter frequency increases 
slightly, the audio beat frequency will rise or fall 
according to whether f, is respectively greater 
than or Jess than the standard signal. The audio 
beat frequency is next mixed with the audio out
put of the interpolation osci11ator, which in turn 
is adjusted to bring the beat frequency of the two 
audio signals to zero-the zero beat being ob
served by phones, loudspeaker, or oscilloscope. At 
zero beat, the crystal frequency will have been 
measured to be equal to the selected r-f standard 
frequency± the interpolation oscillator frequency. 
The accuracy of the measurement depends pri
ma1·ily upon the accuracy of the frequency stand
ard, and secondarily on that of the interpolation 
osciIJator. As in the case of the resistance meas
urement, both the temperature and the drive level 
should be specified, and these should be the same 
as when the measurement of R was made. 

Mea1• rement of the Parallel-Resonance 
Frequency, f1, 

1-222. To measure f,,, it is first necessary to adjust 
the CI meter to osciHate at f,, by the same steps 
employed previously. With the oscillator so ad
justed, a known value of Cx is switched in series 
with the crystal. The new frequency will be ap
prolCirnately equal to fr,. The more common values 
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of C1 are 82 µ.µ.f for high-frequency crystals, and 
20 µ.µ.f for low-frequency crystals. In testing to 
determine whether the crystal frequency is above 
or below the frequency of the test standard, it may 
be more convenient to add capacitance across the 
crystal unit than to change the setting of c.. In 
this event the CI-meter frequency is decreased · 
rather than increased, so that the effect on the 
beat note will be the opposite of that previously 
described. Simply touching the crystal holder with 
the hand is normally the quickest method of in
creasing the shunt capacitance; however, care 
should be taken that the method employed does 
not effectively decrease the capacitance by ground~ 
ing the holder. 
1-223. Theoretically, the foregoing method of 
measuring f,, is not exact, for if the LC circuit is 
correctly tuned when the crystal appears as a pure 
resistance, the same feed-back phase relations can
not hold at the higher frequency, f 11, unless CR 
and c. in series introduce a negative reactance to 
compensate for the increase in Xi,, and XL2 and 
the decrease in Xe, and Xcz. In other words, X. of 
the crystal unit is approximately, but not exactly, 
equal in magnitude to X, of the load capacitance. 
Actually, x. is less than iX,1 by an amount ap
proximately equal to the change in reactance 
around the LC loop, exclusive of CR and C •. This 
change is approximately equal to 4,,-(L, + L 2 ) Afp, 
where Af" is the difference between f,, and f,. At 
the true fm X. + X1 0; at the observed fp, 

X. + X. + 41r (L1 + L:i) Af11 = 0 
1-223 (1) 

Now a small change in X,. + X., equal to AX. + 
AX1 , as a result of a small change in frequency, 
is practically equal to AX. alone. If the frequency 
is sufficiently close to the resonant point, f,, we 
may set x. + x. (at observed f1,) = A(X. + X1 ) 

= 6-X. = AX. = 4.rLAf, where tl.f = observed fp . 
- true f,.. By substitution in equation (1) 

( L1 + L:i) True f,. = Observed f" + L Af" 

1-223 (2) 

Meas• rement of the Eihctive Resistance, R .. 
at Parallel Resonance 

1-224. In the measurement of fp, the drive level 
and the temperature should be the same as in the 
measurement of R and f,. To determine the drive. 
level, either the voltage across the crystal unit, or 
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the effective resistance R. should be known--or 
both, if a crystal-current meter is not provided. A 
measurement of R. is also important for its own 
sake and as a check to see whether the motional
arm parameters are the same at fp as at f,. In the 
case of a crystal unit which is intended to be oper
ated only at parallel resonance, Re is generally 
treated as a primary parameter of more immediate 
importance than the motional-arm R. R. is meas
ured in a manner similar to the measurement of 
R, except that on substituting R0 for the crystal 
the circuit must be retuned so that oscillations are 
being maintained at f1,. For a very precise drive
level measurement, additional precautions must be 
taken if the power dissipation is to be the same 
in both the series- and parallel-resonant measure
ments. The best assurance that the f, and fp drive 
levels will not be greatly different is to be had 
when the crystal current is kept near the minimum 
necessary to maintain oscillations. Thus, even 
though the relative differences in drive level may 
be large, the absolute differences will be small. This 
is not a completely reliable method, for some crys
tal units exhibit very sharp increases in resistance 
when the drive level approaches a minimum. 

Computing the Series-Arm C and L 
from the Measured Parameters 

1-225. From the formulas for fr, X., and X., it is 
quite easy to derive the following approximate 
equations for the series-arm parameters, C and L: 

1-225 (1) 

1 
L = (21rf,)2C 1-225 (2) 

where, C, C0 , and C1 are in farads, L is in henries, 
and a.f,, and fr are in cps. 

METHODS FOR EXPRESSING THE 1:ELATIYE 
PERFORMANCE CHARACTERISTICS 

OF A CRYSTAL UNIT 

1-226. If the four equivalent electrical parameters 
(L, C, R, C0 ) are accurately known for a given 
state of operation, no other independent data con
cerning a crystal unit can increase the radio engi
neer's knowledge of how the crystal will perform 
under the given conditions. However, the radio en
gineer has been slow in requesting specific infor
mation concerning the electrical characteristics of 
the crystal units available, and as a result the prob
lem of making a given circuit perform correctly 
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has often in the past effectively become the re
sponsibility of the crystal manufacturer, who, by 
cut-and-try methods, has been more or less 
required to design the crystal unit around the 
particular circuit. Fortunately, progress toward 
greater standardization of crystal units has been 
considerably accelerated during recent years be
cause of the increased demands of the military 
services ; but there is still a tendency on the part of 
the design engineer to regard a crystal unit, as 
one production engineer has expressed it, as a 
"mystery box," rather than the equivalent circuit 
that it is. Contributing to this tendency has been 
a hesitancy upon the part of the manufacturer to 
describe his crystal units in terms of the most 
probable equivalent electrical parameters. At the 
present state of the art, wide variations from the 
most probable values can occur, and the manufac
turer quite naturally wishes to avoid the chance 
that typical values of the parameters will be mis
interpreted as specified values. For similar rea
sons, a description of a crystal unit in terms of its 
most probable parameters is not at present desira
ble from the point of view of the military services, 
lest a crystal circuit be designed upon the assump
tion that the typical crystal parameters will always 
be available, rather thari upon the assumption that 
the crystal unit cannot be depended upon to meet 
other than its minimum performance specifica
tions. If the former, rather than the latter assump
tion were made, a carefully designed circuit might 
fail to operate properly if used with a borderline 
crystal unit. Thus, the purpose of the standardiza
tion of types-to ensure a complete interchange
ability among the crystal units of the same type 
number and nominal frequency would be de
feated. Nevertheless, the lack of emphasis upon 
the basic parameters has served to cloak the crys
tal in an air of mystery, and to instill in the radio 
engineer an impression that a crystal circuit is 
possessed of properties that cannot be expressed 
in the normal idiom of LCR networks. Contribut
ing somewhat to this point of view is the special 
terminology that has been developed for the pur
pose of comparing the performance characteris
tics of one crystal unit with those of another par
ticularly where the definitions of the terms contain 
certain ambiguities or conditional interpretations, 
or are presented as mathematical relationships 
without concrete qualitative meanings. What may 
be implied as a property of the crystal unit alone, 
may well be a function of the particular circuit in 
which the crystal unit is mounted. Much of the 
difficulty can be avoided if it is kept in mind that a 
crystal unit has no important circuit performance 



· qualities that cannot be expressed in the everyday 
terminology of radio engineering as it might apply 
if the crystal unit were replaced by an equivalent 
.network of L, C, R, and C0 • 

1-227. There are five general categories in which 
crystal units can be placed for comparison insofar 
as their relative merits are reflected by their per
formance in a standard test-oscillator circuit: ( 1) 
activity, (2) frequency stabilization, (3) band
width, (4) quality factor, and (5) parameter sta
bility. Activity, as applied to a crystal, is a general 
term, rather loosely defined, that refers to the 
relative ease with which a crystal may be caused 
to maintain oscillations. The basic parameter most 
closely associated with the crystal activity is the 
motional-arm resistance, R. Besides R, or R., there 
are certain performance parameters that can be 
used as indices of relative activity quality. These 
are the effective Q (Q.), the maximum effective 
Q ( Q.m), the figure of merit ( M), and the perform
ance index (Pl). The term, frequency stabiliza
tion, as used in this context, refers only to the 
ability of a crystal to minimize any change in the 
frequency due to variations in the parameters of 
the external circuit .. In this sense, those perform
ance parameters that can be used as indices of the 

, frequency-stabilization quality are the series-arm 
L/C ratio, the coefficient of frequency stability 
(Fx), and the capacit11mce ratios CTiC and CT/Cx. 
The bandwidth of a crystal unit refers to the fre
quency range over which the crystal unit is con
sidered operable. The performance parameters 
indicating this quality are the capacitance ratio, 
r = C0 /C, and the electromechanical coupling fac
tor, k. The quality factor is simply the crystal Q, 
which is, itself, a major performance parameter, 
but one that is not exclusively identified with any 
one of the other four performance categories. The 
term parameter stability is used here to refer to 
the relative stability of the crystal parameters 
during changes in the temperature, drive level, 
tuning adjustments, and the like. The frequency 
stability of the crystal unit, which is included in 
this category, should not be confused with the 
function of / requency stabilization which is the 
characteristic we have arbitrarily assigned to the 
second performance category. The frequency sta
bilization is dependent upon the magnitudes of the 
equivalent-circuit parameters; whereas, the fre
quency stability is dependent upon the stability of 
the equivalent-circuit parameters. The stability of 
a crystal oscillator circuit is dependent upon both 
the crystal stabilization and the parameter stabil
ity. Performance indices or terms indicating the 
relative parameter stabilities are represented by 
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the temperature coefficients of frequency and re
sistance, drive-level coefficients of frequency and 
resistance, frequency tolerance, frequency devia:. 
tion, resistance deviation, relative freedom from 
unwanted modes, and general expressions indi
cating durability and aging characteristics. Since 
most of the characteristics identified with the five 
performance categories can be expressed as func
tions of the same basic equivalent-circuit param
eters, a performance parameter in one category 
quite often serves as an indication of the crystal 
quality in another. It cannot be said that those 
properties most closely identified with the activ
ity, for instance, are not also 1·elated to the fre
quency stabilizing effect. Nevertheless, classifying 
the various methods for rating the performance 
of a crystal unit is helpful in interpreting the dif
ferent performance parameters in terms of the 
basic equivalent-circuit parameters. 

Activity Quality of Crystal Unit 

1-228. The "activity" of a crystal oscillator is a 
qualitative expression referring to the amplitude 
of the oscillations. It is a term that came into use 
during the early days of crystal resonators, but 
one that seems never to have been vigorously de
fined. For example, it is not always certain 
whether the "activity of an oscillator" is intended 
to refer to the ampliiude of current in the feed
back, or in the output circuit, or to the voltage 
across some particular circuit component, or to 
the output power, or to the excitation power, or to 
the ratio of these powers, or simply to the ampli
tude of the crystal's mechanical vibrations. Were 
the expression not already so strongly entrenched 
in the crystal terminology, its use would probably 
be discouraged. As it is, crystal units are com• 
monly described as having high or low activities, 
or more specifically, as having high or low poten
tial activities or activity qualities. It will be found 
that the crystal parameter most directly indica• 
tive of the activity quality is the motional-arm con
ductance, 1/R. In crystal oscillators employing 
gridleak bias, when one crystal is replaced by 
another of the same nominal frequency, one of the 
crystals is usually found to produce stronger ex
citations and hence a larger grid current under 
similar operating conditions. Frequently the rela
tive grid currents are defined to be equal to the 
relative activities of ~he crystals. With this method 
of measurement it can be seen that, if a crystal is 
connected directly across the grid-to-cathode input 
the excitation, and hence the activity, will depend 
upon the amplitude of the r-f voltage across the 
crystal. On the other hand, if the crystal is con-
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nected in series with the oscillator input, the activ
ity will depend upon the amplitude of the current 
through the crystal unit. Since, in any event, the 
grid current depends upon the values of every 
parameter in the oscillator circuit, such a meas
urement is ambiguous unless a standard test cir
cuit can be referred to for ea.ch frequency. Only 
in this way can the crystal unit, itself, be con
sidered the only significant variable. Even under 
the assumption of ideal test conditions, however, 
the exact mathematical relationship among the 
crystal parameters, which.provides the most direct 
measure of a crystal unit's inherent activity qual
ity, has been a subject of some controversy. A 
number of suggestions have been made, but the 
usefulness of each of these depends considerably 
upon the method by which the crystal is to be used 
to control oscillations. As the crystal terminology 
becomes more rigorously defined we can imagine 
that the word "activity" will fall into disuse even
tually, with "effective resonance resistance" or 
"conductance" taking its place. 

ACTIVITY QUALITY FOR SERIES 
RESONANCE 

1-229. As an example of series-mode operation, 
we refer to the test circuit in figure 1-106. It can 
be seen that the grid excitation will be approxi
mately equal to IXe,, the r-f voltage developed 
across C,. Xe, depends upon the frequency and the 
value of C11 whereas, I, the current through Ci 
depends upon the B+ voltage, the setting of P, the 
tube characteristics, etc., as well as the tank im
pedance and hence the resistance of the crystal. 
With all the circuit parameters constant, the only 
variable that the crystal introduces at resonance 
is its resistance R. Rather than specify all the 
parameters of the test c::rcuit for each nominal 
frequency, it is clear that the measurements of R 
provide sufficient indication of the relative activi
ties of different crystal units under any similar 
conditions of resonance. Since the current and 
voltage amplitudes vary inversely with R, the 
series-resonance activity of any crystal unit can 
be assumed to be directly proportional to 1/R, the 
motional-arm conductance. 

ACTIVITY QUALITY FOR PARALLEL 
RESONANCE 

1-230. The interpretation of the activity quality of 
a crystal unit becomes more complicated when the 
crystal is to be operated at parallel resonance. But 
even as in the case of series resonance, the inher
ent property of the crystal unit that most readily 
indicates the relative activity is the motional-arm 
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conductance, 1/R. In a parallel-resonant oscillator 
circuit, the excitation is normally directly propor
tional to the voltage developed across the crystal 
in parallel with its effective load capacitance Cs, 
This voltage in turn is proportional to ZP = X,i /R, 
where Zp is the parallel-resonance impedance, XT 
is the reactance of CT, the total shunt capacitance, 
and R is the series-arm resistance. As long as XT 
remains constant, the only significant crystal vari
able that affects the activity is R, or more directly 
1/R. A complication arises from the -fact that 
CT = C0 + C., so that if Cx, the effective capacity 
of the external circuit is to be held constant, then 
XT, and hence the activity, changes with C0 • 

Another complication arises when a measure of 
crystal quality is desired that wil1 hold between 
crystals of different nominal frequency. If CT or 
Cx is to be held constant, then ZP tends to vary 
inversely with the square of the frequency. Fi
nally, the complications are multiplied several 
fold when one begins to take into account the many 
ways in which a crystal can be connected to sta
bilize or to control a parallel-resonant type of cir
cuit. Unless the term "activity" is to refer to some 
desired and well-defined end result that can be 
mea,sured quantitatively, the word may have little 
practical meaning. With this in mind, we note that 
since the usefulness of the oscillator depends en
tirely upon its output, the useful oscillator activity 
can be said to concern only the amplitude of oscil
lations in the load circuit. Thu.~. the relative ease 
with which a crystal unit enables a given output to 
be achieved under specified conditions can be re
garded as the relative activity quality of the crys
tal unit. From this point of view, the relative 
activity of a crystal unit can be considered in
versely proportional to the driving power that the 
crystal requires in order to maintain a given out
put level in a fixed load. Now, there is a special 
case of parallel-mode operation-where the series 
arm operates into a constant Cr--for which the 
activity, as interpreted above, requires only a 
measurement of R. Assume that a small, variable 
shunt capacitance, Cv, can be connected directly 
across each crystal unit whose activity quality is 
being tested, so that the effective shunt capaci
tance (eff C0 C0 + Cv) can be adjusted to give 
the same value for all crystals. With this arrange
ment, the crystal power dissipation for a given 
power output will vary positively with the mo
tional-arm resistance, R. In other words, two crys
tal units of the same series-resonance frequency 
and the same motional-arm resistance can produce 
the same oscillator activity at the same parallel
resonance frequency regardless of the particular 



, values of C0 , or of the motional-arm C and L, but 
· only if a variable shunt capacitor is provided by 

which the effective C., can be held constant. Thus, 
for gauging the potential activity of a particular 
crystal unit to be used in any parallel-mode oscil-

· lator circuit having a variable capacitor connected 
directly across the terminals of the crystal unit, 
the motional-arm conductance, 1/R, can usually 
be considered a . sufficient and proper activity 
parameter. 
1-231. Where the load capacitance, Cu that the 
entire crystal unit faces ( not necessarily CT = 
C0 + c. that the series arm faces) is to remain 
constant, the parameter 1/R is not a sufficient 
index of the activity quality. If the proper meas
ure of crystal activity is defined to be the ratio of 
output power to crystal power, such a definition 
is g,meral enough to be applicable for any type of 
crystal oscilJator. Certainly, the crystal unit that 
requires the least expenditure of energy to per
form its task should be considered the one of great
est activity. Unfortunately, activity quality, from 
the point of view of a power ratio, becomes a 
function of each particular oscillator and load cir
cuit, so that the generaJization gained in the defi
nition is completely lost on application, unless a 
standard test oscillator is available for each type 
of circuit. Only when the crystal unit is operated 
at its series-resonant frequency or is connected 
directly in parallel with a variable capacitor, can 
the relative activity qualities of two or more crys
tal units be considered constant and independent 
of the particular design of the external circuit. In 
all other cases, C0 , as well as R, becomes a signifi
cant parameter of the activity, and the exact rela
tion of C0 to the activity will depend upon the 
circuit design. For a parallel-mode activity param
eter to apply in the general case, the oscillator 
circuit, itself, must be considered from a general
ized point of view. By this approach, the effective 

Q ( Q. =i:}s often considered a more reliable 

activity quality factor, than 1/R alone. The reason 
for this belief is most readily indicated when a 
generalized crystal oscillator is represented by the 
negative-resistance method - in particular, by 
diagrams (A), (B), and (C) in figure 1-108. 

Q, AS AN INDEX OF ACTIVITY QUALITY 

1-232. If the oscillations of a crystal are to be sus
tained, energy must ·be supplied at a rate equal to 
the power losses in the crystal. This state is indi
cated in figure 1-108 (A), where the power source 
is represented as a generator with an emf equal, 
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but opposite in sign, to the voltage across the effec
tive resistance of the crystal unit. The power input 
thus is IEI,I =VR~. Furthermore, since the total 
voltage drop around the circuit must be zero, the 
external circuit must appear as having a reac
tance equal, but opposite in sign, to the effective 
reactance of the crystal. Now, since the current 
through each component of the equivalent series 
circuit is the same, the voltage may be represented 
as being the result of a current flowing through 
a circuit of zero total impedance, as shown in fig
ure 1-108 (B). Note that the generator is replaced 
by a negative resistance, P•• numerically equal to 
R •. Figure 1-108 (C) shows the same operating 
conditions, but with X, and p. of the external ch·cuit 
replaced by an equivalent capacitive reactance, 
X., in parallel with a negative resistance, p, equal 

to -Z1., where Zp = i'' = ~
2

• At all instants 
the impedance across the term"inals at 1 and 2, 
whether that of the crystal unit or oi the external 
circuit, is the same for both the (B) and the (C) 
equivalent circuits. Imagine now that after equi
librium has been reached, R. suddenly decreases 
by one half. At this instant the power being sup
plied, l,'p. Pp, is greater than that being dissi
pated in R •. In (B), the amplitude of oscillations 
will increase until a new equilibrium is reached, 
at which time P• will also have decreased by one 
half and will be once again numerically equal to 
R •. In ( C), the halving of R, means that Z1, is 
approximately doubled. The same increase in cur
rent through R. must be shown to occur in (C) 
as in (B). Thus, the amplitude of the oscillations 
must increase until p has doubled its value and is 
again numerically equal to Z". (The changes in p 

are caused by the limiting elements in the oscilla
tor. For example, R,, of the vacuum tube will in
crease with an increase in gridleak bias, and this 
will be reflected as an increase in p.) From the 
generalized circuit approach, we can reach the 
general conclusion intuitively that oscillations 
build up as long as jp.l > R., or IPI < Z1., and that 
oscillations diminish in amplitude under the re
verse conditions. It may not be at once apparent 
why oscillations should not build up if p were nu
merically larger than Z1., in the same way that 
they do when P• is greater numerically than R •. 
A rigorous proof can be obtained by a differential 
equation of the current through tht inductance, 
applying Kirchoff's laws and keeping in mind that 
resistance, negative or positive, is mathematically 
an instantaneous rate of change of voltage with 
current. Qualitatively it can be seen that the amp
litude increases or decreases, depending upon 
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Figure 1-108. Generalized crystal oscillator circuit 

whether the ratio of the power input to the power 
dissipation is, respectively, greater or less than 1. 
For circuit (B) the current, I<, is the same for 
both the crystal unit and P•• so that the power 
ratio is: 

I ~: ;: I = l ~: l 1-232 (1) 

Os~Ulations thus build up as long as P• is greater 
than Re• For circuit (C) the voltage, E0 , is the 
same across the crystal unit as across p, so that the 
power ratio is: 

where Z.. = yR.2 + x.2 
and X. >> R. 

1-232 (2) 

Oscillations thus build up as long as p is less than 
Z,., the equivalent parallel-resonance impedance at 
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equilibrium. The initial values of P• and p for a 
given frequency can be assumed to be fixed param
eters characteristic of the particular oscillator 
circuit, although the exact magnitudes may be ex
tremely complicated functions involving all the 
circuit variables. Nevertheless, it is reasonable to 
assume that the more the negative resistance must 
change, the greater will be the activity of the os
ci1Iator by the time equilibrium is reached. From 
the point of view of circuit (B), it would seem 
that with a given initial P• maximum activity is to 
be obtained with a minimum R.; but in circuit 
(C), on starting with a given value of p, maximum 
activity is to be obtained with a maximum Z1,. Note 
that these two conditions are not entirely equiva
lent. For a given crystal unit, Zp, for instance, can 
be increased by increasing X., which in turn re
quires that R., as well as X., become greater. 
(Since X. must increase to match the increase in 
X., so must the frequency, and hence also Re.) 
Remembering that the activity that is assumed to 



be proportional to the change in negative resist
ance is that in the oscillator output and is not 
necessarily the current amplitude in the crystal 
circuit, it can be seen that R. alone, in spite of the 
implications to be drawn from figure 1-108 (B), 
may not be a sufficient parameter to indicate the 
relative activity quality of a crystal unit in the 
general case, i.e., x. must also be considered. For 
these reasons, the effective Q of the crystal unit, 
Q. = X./R., is usually <:onsidered the more reliable 
index of the crystal activity quality for parallel
resonant oscillators. There are exceptions, how-

ever, where R., or rather i.• is the proper activity 

parameter. These occur when the crystal is actu
ally operated at series resonance with an external 
capacitance. An example is the CI-meter circuit 
in figure 1-106, when Cx is connected in series with 
the crystal. (See paragraph 1-585 for a more de
tailed analysis of negative-resistance limiting.) 

1-233. The crystal Q. is a more direct index of the 
potential activity in some oscillator circuits than 
in others. The first consideration is the effect that 
a change in Q. has upon the excitation voltage. 
Normally, an increase in Q. means an increase in 
excitation, but this is not true in every case, even 
in the conventional parallel-resonant circuits. In 
these oscillators, the feed-back network may con
sist of a crystal unit shunted by one capacitance 
and in series with another. Referring to figure 
1-109, assume at first that the capacitance, C., 
shunting the crystal unit in both (A) and (B) is 
negligible. The generalized circuits are thus 
equivalent to that of figure 1-108 (B). X1 of figure 
1-108 (B) is represented by (X10 + Xn,) and by 
(X, 0 + X,a) in circuits (A) and (B), respectively, 
of figure 1-109. Referring now to figure 1-109 only, 
the crystal unit in circuit (A) is connected be
tween the control grid and cathode, so that the 
principal activity consideration is to obtain the 
desired excitation voltage across the crystal unit 
with a minimum power dissipation in the crystal 
unit. Similarly, in circuit (B), the higher the crys
tal quality, the less the crystal power that would 
be required to obtain a desired excitation voltage 
across X,.,. As a first approximation, assume that 
Xe is much greater than R., so that the voltage 
across the crystal unit can be assumed to equal 
I,X., where I., is the feed-back current and where 
I,X., is 180° out of phase with the voltage across 
the series reactance, X,., or X1., as the case may 
be. In circuit (A), the excitation voltage is thus 
equal to 1.x., and the crystal power dissipation is 
IK1R •. If the ratio of the r-f output voltage of the 
tube to the excitation voltage, Ep/Es, is assumed 
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to be k, then the ratio of the output voltage to · 
the crystal power, P., is: 

Circuit (A) 
(figure 1-109) 

The magnitude of the total impedance of the feed
back circuit must be kZ11, where z. is the grid-to
cathode impedance. As long as it can be assumed 
that the impedance of the crystal unit is 180° out 
of phase with the reactance of the series capaci
tance, then the magnitude of the plate-to-grid im
pedance must be approximately (k + 1) Z,. Thus, 

in circuit (B), IX,el = k~l" Substituting this 
value of X,, in place of x. in the equation above: 

Ep kQ. 
P. = (k + 1) Is 

Circuit (B) 
(figure 1-109) 
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Fi9ure 1-109. Generalized crystal oscillator circuits, 
showins, two conventional methods for connedillfl 

crystal unit (Xe, R,J in feed-back circuit 
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The equations for circuits (A) and (B) show that 
for a given k and a given crystal current, a maxi
mum ratio of E1JPe is to be obtained when 'le is 
a maximum. This assumes that the circuit capaci
tance, Cn directly shunting the crystal unit is neg
ligible. When this assumption cannot be made, the 
effective Q of the parallel combination must be 
substituted for Qe. The Q of the combination is 

approximately equal to Q. (X' l Xe) as long as 

(X, + X.) is numerically large compared with 
R., X. being the negative reactance of C,. The 
larger the magnitude of the ratio X,/X., the more 
directly does Q. become the principal activity in
dex. It should be remembered that the direct pro
portionality between Q. and the activity in the 
example above holds only upon the assumption 
that lg is to be held constant, regardless of the 
value of Q •. Another instance in which the activity 
of an oscillator is a direct function of Qe would be 
the unconventional case of an oscillator so de
signed that the crystal unit is operated in series 
resonance with an external capacitance and with 
the excitation voltage equal to, or directly propor
tional to, the voltage across either the crystal unit 
or the series reactance. In such a circuit, use would 
be made of the resonant rise in voltage that is de
veloped when a component impedance is greater 
in magnitude than the total impedance. Since the 
current through the component is the same as that 
through the total impedance, the step-up voltage 
ratio is the same as the impedance ratio. At series 
resonance the total impedance of the crystal cir
cuit would equal R. (assuming no other resistance 
in the circuit), so that if z. of the crystal unit were 
approximately equal to X., the ratio of the voltage 
across the crystal unit to the feed-back emf would 
be I,Z,/1,.R. Q,.. The standard crystal units 
which are intended for use at parallel resonance 
are tested for operation with definite values of 
load capacitance, C,. Thus, the recommended oper
ating value of X .. may be assumed to be equal to 

_Cl = IX,1. The maximum value of R. that is per-
"' . 
missible with this value of X. is also specified. 
Hence, in the design of an oscillator that must 
operate satisfactorily with any randomly selected 
crystal unit of a given type, allowance must be 
made in the circuit design to ensure that satis
factory activity is obtained for the minimum 

Q. ( ... c.R. f max)} 

MAXIMUM EFFECTIVE Q (Q,.,) 

1-234. Where it is desirable to have an activity 
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parameter that is not a function of the particular 
external load capacitance, the maximum effective 
Q (Q.m) offers a convenient index of the maxi
mum potential activity of a crystal unit which is 
to be operated in a type of circuit whose activity 
depends primarily. upon Q •• The maximum effec
tive Q can be expressed solely in terms of the basic 
crystal parameters, since the maximum occurs 

midway between f, and f., so that ~f = ~:•. Thus, 

from equations (1) and (2) of figure 1-98, it can 
be seen that 

Q.m = X. = 21rLM. 
R. 2R 

Since 

fC 
Af,. = - [by equation 1-208 (l)] 

2C0 

Then 

1-234 (1) 

Q.m provides a convenient activity factor com
bining all the crystal parameters. It is equal to the 
maximum step-up voltage ratio that can be ob
tained by operating the crystal in series with a 
negative reactance. Where another capacitor, C., 
is shunted directly across the crystal unit, the 
maximum effective Q of the combination becomes 

FIGURE OF MERIT, M 

1-235. In paragraph 1-:216, it was shown that the 
minimum fv obtainable with a crystal unit occurs 

when the apparent Q. of the motional arm, r, is 

equal to 2; that is, unless R,.., the effective resist
ance in the shunt arm, is significant. Within the 
frequency range at which the crystal unit appears 
as a positive reactance, the maximum value of 
Q. occurs at the antiresonant upper limit. This 
maximum theoretical value of Q. has been selected 
as a convenient figure of merit to indicate the rela
tive activity quality of a crystal unit, and has been 
assigned the symbol M. In general, the larger the 
value of M, the less will be the feed-back energy 
required to sustain a given activity. If M is less 
than 2, the crystal unit cannot exhibit a positive 
reactance, and hence cannot be used in conven
tional oscillator circuits. To sustain oscillations at 



a desired level, an oscillator will require that the 
crystal exhibit some minimum value of Q., equal 
to 2 or greater, depending upon the oscillator, so 
that a knowledge of the M of a crystal unit is of 
value in determining whether or not the crystal 
can be used. Formulas for M are: 

M = I Xco I = X.,. = 4rL~fa = 
R R R 

1-235 (1) 

where Q is the series•arm Q and r = C0 /C. Note 
that"M is equal to four times the maximum Q. of 
the crystal unit, so that the measurement of either 
wm indicate approximately the same performance 
characteristics. ActualJy, as M approaches 2 the 
value of Q..... as given· by equation 1-234 (1) be
comes unreliable, because of the approximations 
made in its derivation. If M = 2, Q,m is zero, 
although its approximate formula would indicate 
a value of 0.5. In practice, however, crystal units 
with such low values of M are normally far below 
specified standards, except possibly in the case of 
v-h-f crystal units operating on harmonics higher 
than the fifth, so that Q.m, which can be meas
sured directly as the · maximum step-up voltage 
ratio obtainable with the crystal unit in series 
with a· capacitor, provides a reasonably accurate 

indication of~. M was originally chosen as a fig

ure of merit because it can be shown to be a con
stant of proportionality in the equation for Q., 
and because it is expressible in terms of the crys
tal parameters alone. As performance parameters 
of a crystal unit, Mand Qem are practically equiv
alent, but M is the parameter more commonly en
countered in treatises discussing crystal activity. 

PERFORMANCE INDEX 
1-236. The fact that the Qe of a crystal unit is the 
most direct factor influencing the activity first be
came apparent through consideration of the re
quirements necessary for osciUations to build up 
in the generalized oscillator circuit in figure 1-108 
(C). When X., and R. are assumed to be the re
actance and resistance of an actual coil, it can be 
rigorously shown that oscillations build up as long 

as IC,.pl < ~:· Here, C .. and pare both functions 
of the external circuit; and L. and R. can be as
sumed to be constants of the coil. As the amplitude 
of oscillations increases, the plate resistance of the 
tube increases, which in turn causes p to increase. 
(C. may also vary, but usually to a much smaller 
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, degree.) Multiplying both sides by ... : l..,C,.pl <it~ 
or f. < Q.. From this point of view it would 
appear that the change in p/Xx which must be 
undergone before equilibrium is reached, or, equiv
alently, the rise in amplitude necessary to bring 
the plate resistance to the equilibrium point, will 
always increase or decrease with Q., and that with 
a given R., the amplitude increases or decreases 
with X.. These implications can be misleading. 
First, with a given X., X. is no longer a significant 
variable if Q,. is equal to 10 or more, but must 
remain equal in magnitude to x.. In this event 
the only· variable of the activity is R •. Secondly, 
the rise in amplitude is more accurately a function 
of the difference between Q. and the starting value 

of f; rather than of the magnitude of Q. alone. 

Furthermore, Q. is, itself, a function of X., for 
as C,. is varied from a relatively large value of 
capacitance and made to approach zero, X. must 
increase with X •. However, Q. does not increase 
indefinitely with x., but reaches its maximum 
value, Q,m, when C1 = C0 and then steadily de
creases as c. becomes smaller. Yet the difference 

between Q. and the starting value of t does 

continue to increase even though Q,. has passed 

its maximum, for the change in i: is less than the 

change in the value of lpwC,!. Now, C, and even 
more so, Ct C0 + C.), can be considered rea
sonably constant parameters as compared with p 

during the build-up of oscillations. Referring to 
figure 1-108 ( F), it can be seen that oscillations 

build up as long as ~ > i-:; ( for the same reasons 

that hold in the case of ~: and p/X,). Since XT 
can be assumed to be relatively constant, both sides 
of the function can be multiplied by XT, so that 

it can be said that as long as IXtTI = Zp > IPI, 
the amplitude of the oscillations continues to in
crease. Thus, for a given starting value of p and 
with XT relatively independent of the amplitude, 
the most direct index of the activity is the equiva
lent parallel-resonance impedance, Z,,, of the gen
eralized oscillator circuit. For this reason, Zp is 
called the Performance Index and has been given 
the symbol PL PI, unlike M and Q~m, is not a 
parameter of the crystal unit alone, but of the 
crystal unit effectively in resonance with· some 
specified load capacitance, C,. Military S.;andard 
crystal units intended to be operated at parallel 
resonance have a recommended load capacitance 
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specified. PI meters have been developed for meas
uring the performance index directly, but there 
are very few such meters available. Where the PI 
of a crystal unit is desired, it can readily be com
puted from measurements made with standard CI 
meters. Various expressions of PI are given below: 

PI _ Xi _ 1 LC 
- R - w2 (C., + csi R = RCT2 

, X ,2 
I Co I 

1-236 (1) 

Note that PI is not a function of the crystal alone, 
but of C. as well, and care should be taken that 
the capacitance ratio of C,/C0 is not mistaken for 
r = C0 /C. It can be seen that the maximum PI 
occurs at antiresonance, where C, = 0, so that 
(max) PI = IMXc.,j. 
1-237. The PI of a crystal unit, or more properly, 
of a crystal circuit is usually found to be an im
portant parameter entering the equations of an 
oscillator circuit, particularly when the equations 
express the conditions required for a given out
put. As a simple example, consider again the two 
generalized oscillator circuits in figure 1-109. In 
paragraph 1-233, it is shown that the ratio of EP 
to crystal power, Pe, is equal to kQ./I.11 for circuit 

(A), and equal to (k !~•)I., for circuit (B). As 

long as Ii: is considered predetermined, the volt
age-to-power ratio is primarily a function of k 
and Q, .. Normally, however, it is not lg that is to 
be predetermined, but rather the crystal power 
that must not exceed the maximum value. When 
z. = X., the magnitude of the impedance of the 
feed-back arm in circuit (A) can be assumed to 

be equal to kX., and to •/!•1 in circuit (B). Ia: 

is thus equal to ~p/kX. in (A) and to Ee(~x7 l) 

in (B). On substitution in the Ep/Pe equations: 

or 

Similarly, 

E /P = k2Q.X. 
p • Ep 

E/ !P. = k
2

X•
2 

= k2PI Circuit (A) 
R. 

P. 
k2PI 

(k + 1)2 Circuit (B) 

Inasmuch as the power output of the oscillator can 
be assumed to be directly proportional to El, then, 
for a given drive level of the crystal unit, the 
power output will vary directly with the PI. It 
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should be noted that the E//Pc equations above 
are not affected by the assumption of shunt ca
pacitances, C,., across the crystal unit. Just as 

PI i:2 

= ~
2

, the same value holds even if the 

shunt capacitance is assumed to be increased by 
c,. 

Frequency Stabilization 9aality of Crystal Unit 

1-238. The over-all frequency stability of a crystal 
oscillator is dependent upon the stability.of all the 
parameters influencing the crystal circuit; these 
in turn are dependent upon the stability of the 
power source and the load, as well as the ambient 
conditions under which the oscillator is required 
to operate. The over-all stabilizing ability of the 
crystal is dependent upon both the stability of the 
crystal parameters when the crystal is exposed to 
changes in temperature or drive level, and the 
ability of the crystal to minimize the change in 
frequency that is necessary when the parameters 
of the external circuit deviate. It is this latter 
quality of the crystal that makes the crystal os
cillator superior to oscillators that use only coils 
and condensers to control the frequency, and is the 
type of frequency stability that concerns us now. 
1-239. The frequency stabilizing property of a 
crystal is normally expressed as the rate at which 
its reactance changes with frequency. In figure 

1-110 are shown the curves of !f for the series

arm parameters L and C. Resonance happens to 
occur at the frequency at which Xe is changing at 
the same rate as XL• Since the rate of change of 
X1, is a constant, at frequencies t iar resonance 
it can be said that the total change in reactance 
with frequency is primarily a function of L, 
for the absolute rate of this change is 'the same 
whether C is large or small. Normally, however, 
it is not the absolute change in reactance that is 
important-it is, rather, the change in reactance 
per percentage change in frequency, or, more usu
ally, the percentage change in reactance per per
centage change in frequency. When the frequency 
stability is expressed in percentage, it is no longer 
primarily a function of L, but becomes dependent 
upon the other crystal parameters as well. Only 
where the major concern is to produce a definite 
shift in reactance or frequency for a given change 
in the external circuit does the major attention 
center upon the parameter L. Just as the relative 
activity potential of a crystal depends somewhat 
upon the type of circuit in which it is used, so 
also does the frequency stabilizing characteristic 
of a crystal depend upon the external-circuit de-

r, 
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figure 1.110. Rates of change of reactance of equiv• 
alent series-arm parameters, 1 and C, with frequency 

sign. A relative stability index will be discussed 
briefly for each of three general types of circuits: 
where t!ie ceystal is operated at its normal series
resonant frequency, where it is operated in paral
lel with a negative reactance, and where it is 
operated in series with a negative reactance. 

FREQUENCY STABILITY AT 
SERIES RESONANCE 

1-240. Since the total series-arm reactance at f. 
is equal to zero, it is not convenient to express the 
relative frequency stability in terms of the per
centage rate of change in reactance. Approxi
mately the same considerations apply for the reso
nance frequency, f,. Also, the effective stability in 
a given circuit may well depend more upon the 
rate of total impedance change or the rate of phase 
shift with frequency than upon the actual rate at 
which the reactance changes. Suppose, for exam
ple, that the feed-back energy must pass through 
the crystal unit and return to the oscillator input 
in a certain phase. If, because of a change in the 
circuit parameters, the feed-back energy is re
turned slightly out of phase, the frequency will 
have to shift away from the normal resonant point 
exactly enough for the crystal to correct the 
change in phase. If the change in phase has orig
inally been caused by a change in the reactance of, 
say, a capacitor connected directly in series with 
the crystal, it is only necessary for the frequency 
to shift the amount necessary for the crystal re
actance to exactly counteract the change in the 
series reactance. In this case, the resistance of the 
crystal circuit is not effective in degrading the sta
bility. It is true that the greater the resistance 
that the crystal faces, the greater must be the fre-
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quency change to produce a given phase shift. But 
on the other hand, since the series capacitance 
faces the same resistance, the initial phase shift 
due to a change in the capacitance is correspond
ingly reduced. In this case, the frequency stability 
of one crystal as compared with that of another 
depends almost entirely upon its relative rate of 
change of reactance. At series resonance the fre
quency stability factor can be defined as 

F = dXef = 2wL 
• df 

1-240 (1) 

where F. is the rate of change of reactance per 
fractional change in frequency. Thus, in compar
ing one crystal unit with another, the one with the 
larger L/C ratio can be assumed to provide the 
greater frequency stability at series resonance. 
However, if the change in reactance occurs at a 
point in the circuit only loosely coupled to the 
crystal, the resistance of the feed-back circuit is 
relatively ineffective in reducing the phase shift of 
the feed-back voltage, but instead, tends to in
crease the change in frequency necessary for the 
crystal to correct the phase. In the case of a feed
back network where the crystal must compensate 
for a change in phase that is relatively independ
ent of the resistance in the crystal circuit, the fre
quency stability is more directly measured by the 
rate of change of phase in the crystal circuit as a 
whole than by the rate of change of reactance 
alone. 
1-241. Figure 1-111 shows that a small phase 
displacement, A.0, at series resonance is approxi
mately equal to A.X,./R,,, where A.X. is a small 

CD Zc = Rc+jO(WHENl=lr) 

® Zc = Re .. jAX, [WHEN , = tr +Afl 

@ 

© 
8 • 0 RADIANS AT Ir 

AX• 
A8,. TAN A8 • ~ 

AX, Re+ jAXt 

l-=============~\~A~e==-~ R 
Re 

figure J.J JI. Phasor diagram, showing change in 
reactance, A.X,., of series-mode crystal required to 
produce a small change in phase, A6, where the re--

sisfance of the crystal circuit is equal to R,, 
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change in the effective reactance of the crystal, 
and R. is the tota1 effective resistance in the crystal 
circuit ( equal to R. of the crystal plus Rx of the 
external circuit). For convenience, the frequency 
is usually expressed in terms of angular frequency, 
w 2wf radians per second, instead of cycles per 
second. In equations (1) and (2) of figure 1-98, 
it can be seen that for small values of i).f, the de
nominators of the approximate equations of X. 
and R. are approximately equal to unity, in which 
case X. = 2L.iw and R. = R. Thus, 

AX. 2LAw 
Re=R+Rx 

The frequency-stability index can be defined to be 

de 2L 
dw R + Rx 

1-241 (1) 

Expressed as the change in phase angle per percentage 
change in frequency, equation (1) becomes: 

wde 2wL 
100 dw = 100 (R + R.) 

or more simply: 

wdO 
dw 

1-241 (2) 

The la.st term on the right shows that where the 
fractional rate of change is concerned, the fre
quency stability is directly proportional, not sim
ply to L, but to the square root of the L/C ratio. 
Equation (2) also shows that the frequency 
stability is inversely proportional to the crystal 
circuit resistance. But it must be remembered that 
this is true only to the extent that the original 
phase shift of the input to the crystal circuit can 
be considered independent of R,. 
1-242. As an exaggerated example, we can see 
that minimum stability is to be expected if the 
input to a high-resistance, series-resonant, feed
back circuit is supplied through a weak coupling 
from a plate tank circuit sharply tuned to the reso
nant frequency but having an impedance small 
compared with the RP of the tube. Since a slight 
change in the parameters of the tank circuit could 
shift the phase of the feed-back input almost 90 
degrees, such an oscillator would obviously be 
completely unstable, even if it were assumed that 
oscillations could be maintained. 

FREQUENCY STABILITY AT 
PARALLEL RESONANCE 

1-243. When it can be assumed that a crystal unit 
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is effectively operating in parallel with an external 
capacitance, C~, the value of which is relatively 
independent of small changes in the frequency, 
the frequency stability can be assumed to be di
rectly proportional to the rate of change in the 
reactance of the motional arm of the crystal. In 
this ease, it would seem that a frequency-stability 
factor for parallel resonance 

F = dX. · w = 2 - 'I:"77'/ = F 
P dw V u;v • 

would be appropriate--just as in the case of series 
resonance-and FP would be identical with F •. 
However, it will be recalled (see figure 1-103) that 
the higher the reactance, i.e., the smaller the value 
of CT, the less stable will the oscillator become. 
Taking this into account, a more accurate indi
cation of the stabilizing quality of a parallel-reso
nant crystal is given by what is called the fre
quency-stability coefficient, which is the percent
age rate of change in reactance for a percentage 
change in frequency. Thus, 

Fx _ dX •. w . 100 _ 2wL = f 
• dw X, 100 X. M 

This result is quite interesting, for it indicates that 
for crystal units of the same frequency equal sta
bilities can be achieved simply by operating the 
crystal units at the same value of Af above series 
resonance. Since the same equation holds for any 
value of L and C, it is not immediately apparent 
as to why a crystal is so much more stable than 
a conventional inductor and capacitor. In para-

graph 1-208 it was found that the ratio ~f• is 

equal to 2~ 0 

._ If Af1, is substituted for Afa, and ~ 
is substituted for C0 , then 

F __ f __ 2CT 
x. - Mp - C 

It can be seen that i.n order for a conventional 
series-parallel inductor-capacitor network to have 
the same theoretical stability as a crystal, the 
shunt capacitance must be thousands of times 
greater than the series-arm capacitance. The 
series arm of such a network would require an 
extremely smaU L/C ratio. The parallel impedance 
would be small, and the net series-arm reaetance 
much smaller still. The crystal, on the other hand, 
has such a small value of C that the reactances are 
reasonably large even for small values of .1f. Al
though the equation for the frequency-stability 
coefficient indicates an unlimited stability if Af" 
is simpl;,: made small enough, this would be theo-



retically true only for a circuit resistance equal 
to zero. In pratice, as X. approaches the motional
arm R in magnitude, a given change in XT will 
cause a greater change in the phase of the over-all 
circuit impedance than will the same change in 
X •. Of significance is the fact that the frequency
stability coefficient, F x., represents the stabilizing 
effect of a crystal for the percentage change in the 
reactance of the total effective shunt capacitance, 
CT (= Co+ C.). With C0 considered constant, a 
given percentage change in the total capacitance 
becomes less than the actual percentage change 
in the variable component, which we can assume 
to be the equivalent external capacitance, c •. For 
a given CT, the larger the ratio C0 /Cx the smaller 
will be the percentage change in CT for a given 
percentage change in C., and the greater will be 
the oscillator stability in the face of changes in 
the external circuit. In other words, the effective 
frequency-stability coefficient of the crystal unit 
as a whole is greater than that of the motional
arm alone if it can be assumed that the percentage 
changes in C0 will be negligible compared to those 
in C •. When R is small compared with X., Xe ~ 
XeoX./ (Xr0 + X.) and the effective frequency
stability coefficient becomes: 

Fx,, = dX. . ~ = 2LXc/ 
2 

w(Xc0 + X.) 
dw Xe (Xc0 + X0 ) Xc0 X. 

2wL Xc0 fCT 
= X. . Xco + X. = MC, 

Since 

then 

1-248 (1) 

It should be remembered that equation (1) is 
based upon the assumption that C0 is constant 
and that any change in x. will be due to a change 
in c •. If C0 is effectively increased by a fixed ca
~itance, C., directly shunting the crystal unit, 
th'¢ effective variable C. becomes smaller. The 
·effective C.,, insofar as the frequency stability is 
concerned, will equal CT - (C0 C,). Substituting 
this effective value of C. in equation (1) will pro
vide a more accurate frequency-stability coefficient 
•for a crystal unit directly shunted by a fixed C •. 
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FREQUENCY STABILITY AT SERIES RESO
NANCE WITH EXTERNAL CAPACITANC.E , 

1-244. The effective frequency-stability coefficient, 

F x. = ~~:, provides an appropriate index of the 

frequency-stability quality of a crystal unit oper
ated in series resonance with an external capaci
tance C., for the same reasons that make the co
efficient applicable in the case of parallel-resonant 
circuits. ½, here, represents the sum of two actual 
capacitances, C0 + C., and has a more concrete 
meaning than simply a generalized parameter. F x. 
gives the percentage change in X .. per percentage 
change in frequency. The reciprocal, 1/F x,., can be 
interpreted as equaling the percentage change in 
frequency that will occur per percentage change 
in the negative reactance X,. In unconventional 
circuit designs, where a significant phase shift 
can occur as a result of changes in the impedances 
in the oscillator output circuit ( which is only 
weakly coupled to the feed-back input), the resist
ance of the feed-back circuit may need to be taken 
into account in a manner similar to that discussed 
in the case of crystal units operating in series 
resonance. 

FREQUENCY STABILITY OF 
OVER-ALL CIRCUIT. 
1-245. Although the absolute values of the fre
quency-stability indices discussed in the foregoing 
paragraphs ·depend upon generalized parameters 
of the external circuit, the values are primarily 
useful for indicating the relative stabilization qual
ity of one crystal unit as compared with another 
when operated under similar circuit conditions. 
The actual frequency drift due to changes in the 
supply voltages, tube characteristics, circuit im
pedances, etc., depends upon the particular oscil
lator design as well as upon the performance 
characteristics of the circuit components. The 
percentage variation that, can be expected in the_ 
generalized parameter, C., is of equal importance 
in gauging the frequency stability of the oscillator 
as a whole. The crystal-unit frequency-stability 
coefficients appear as single parameters among 
others in the frequency-stability equations for each 
particular type of oscillator circuit. In general, the 
series-resonant type of oscillator has the greater 
frequency stability, permitting tolerances from 
four to twenty times as narrow as those normal 
for parallel-resonant oscillators. Indeed, in a well
designed series-resonant oscillator where the re
active components are negligible in their effect on 
the phase of the feed-back voltage, the frequency 
stabilization of the crystal unit can be very nearly 
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perfect, so that the most significant factor to con
sider is the stability of the equivalent-circuit 
parameters of the crystal unit, itse]f. One source 
of frequency instability common to both series
resonant and parallel-resonant oscillator circuits is 
the presence of harmonics in the output. For cer
tain applications, such as in crystal calibrators, 
these harmonics are desirable, but in most eases 
it is preferable that they be kept to a minimum. 
Harmonics are unwanted not only for the sake of 
a sine-wave output as such, but also because they 
introduce reactive components in the crystal cir
cuit, thereby increasing the chances of frequency 
instability. The harmonics can be reduced by de
signing the oscillator plate circuit to provide a 
low-impedance bypass path for them, and by using 
low plate and grid voltages. Unwanted reactive 
effects in the oscillator circuit also occur as a result 
of feedback from the amplifier stages following 
the oscillator. These can be minimized by the use 
of proper shielding, buffer amplifiers, neutralizing 
circuits, and by careful attention to the physical 
layout in designing the equipment, to ensure that 
all leads are as short as practicable and that 
the oscillator is electrically isolated from circuits 
carrying high amplitudes of r-f voltage or current. 
The effective load capacitance, C., with which the 
crystal unit resonates is usually a function of the 
vacuum-tube parameters, the load resistance, the 
effective grid resistance, as well as the reactive 
impedances in the feed-back and output circuits. 
All these variables are, in turn, functions of the 
oscillator output and the grid and plate d-c volt
ages. Thus, the frequency stability is dependent 
upon the degree of voltage regulation, the con
stancy with which the oscillator load is main
tained, and in the care taken in the original design 
to ensure that the circuit components are so pro
portioned that the effects of variations in the tube 
parameters are minimized. Silvered mica capaci
tors normally are to be preferred for fixed capaci
tances in the tuned circuits. Those capacitors hav
ing dielectrics composed of titanium compounds 
can be used for r-f bypass purposes, but are too 
variable under changes in temperature and voltage 
for use as tuning components. Air-dielectric ca
pacitors are almost always adjustable. With the 
exception of the vacuum-dielectric capacitor, the 
air-dielectric type is the most stable and is to be 
preferred for small capacitances and variable tun
ing elements. As a rule, the improvements in 
circuit design that permit of greater frequency 
stability necessitate additional circuit components, 
additional tuning adjustments, narrower operating 
frequency ranges, smaller voltage or power out
puts, or some combination of the above. 
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THE CAPACITANCE RATIO, r = ~ 
1-246. The bandwidth of a crystal unit refers to 
the particular frequency range over which the 
crystal unit can be operated in a given oscillator, 
filter, or transducer circuit. In the case of a con
ventional oscillator circuit, the applicable fre
quency range is that in which the crystal can 
appear as an inductive impedance. In cycles-per
second, this range is t.f. = f. f,. Percentage-

wise, the bandwidth is lO~:f• , which, as shown 

in paragraph 1-208, is approximately equal to 

~~O = 5i~. Although the practicable operating 

range does not extend over the entire band, it can 
be seen that the relative merit of a crystal unit 
insofar as its range of frequency adjustment is 
concerned can be indicated inversely by the param
eter r, whereas the relative selectivity is indicated 
directly by r. In figure 1-95, it can be seen that 
the smallest theoretical values of r (when the dis
tributed capacitance is negligible, so that r = r.) 
are obtained with the low-frequency, length
extensional-mode elements of the X group. The 
smallest capacitance ratios are provided by ele
ment E, which has values of r as low as 120 to 
125. These are equivalent to a resonance-to-anti
resonance bandwidth on the order of 0.4 per cent 
of the nominal frequency. For the high-frequency 
A and B elements, the bandwidths are approxi
mately 0.2 and 0.083 per cent, respectively. 

1-247. Insofar as frequency control is concerned, the 
resonance-to-antiresonance bandwidth is impor
tant primarily as a relative index of the frequency 
range through which a parallel-resonant oscillator 
can be made to operate by varying the load capaci
tance, Cx, For example, the tuning adjustments of 
an oscillator employing an A element can vary"the 
frequency approximately two-and-a-half t,mes as 
much as can the same adjustments if the oscillator 
employs a B element. Although small frequency 
adjustments are possible, the high selectivity of 
quartz crystals precludes their use in frequency
modulated oscillators. Eventually, it may be that 
crystal units mounting high-frequency EDT plates, 
which have capacitance ratios as low as 20, will 
find an application in this field, but at the present 
time EDT crystals are used almost exclusively in 
filter networks. As a filter element, the capacitance 
ratio of a crystal is of greater importance than in 
frequency-control circuits. Filter networks, com
posed of crystal units alone, can be designed for a 



maximum pass band of 
2
~:• , which in the case 

of quartz means a maximum pass band of 0.8 per 
cent. For the low-frequency networks, such as are 
normal to telephone carrier systems, this is much 
too selective for passing voice channels. For this 
reason, quartz crystals employed in 1-f telephone 
carrier filters must be used in conjunction with 
inductors and capacitors. The narrow bandwidths 
of quartz elements used alone are primarily appli
cable in filters when it is desired to pass a single 
frequency, such as the pilot signal of a carrier 
system. 

ELECTROMECHANICAL COUPLING 
FACTOR, k 

1-248. To the extent that the equivalent circuit of 
figure 1-91 is applicable it can be assumed that 
when a crystal unit is connected across the ter
minals of a battery the ratio of the energy stored 
in electrical form to the energy stored in mechan
ical form is equal to the capacitance ratio r = 
C0 /C. The electrical energy is that stored in the 
static capacitance, C.,, and is equal to ½ V2C0 , 

where V is the applied d-c voltage. The mechanical 
energy is the energy that is stored because of the 
piezoelectric strain in the crystal, and is equal to 
½ V'C. In transducer applications, it is useful to 
rate a crystal according to the ratio of stored 
mechanical energy to total applied electrical energy 
under the conditions of d-c or very-low-frequency 
applied voltages. The parameter for this purpose 
is the electromechanical coupling factor, k, equal 
to the square root of the ratio of the stored 
mechanical to the total input energy. As such, k is 
an index of the crystal efficiency as a transducer. 
This factor is given by the formula 

k = k 1-248 (I) 

where « is the dielectric constant, s is the elastic 
compliance, and d is the piezoelectric constant giv
ing the ratio of strain to field. According to the 

energy ratio, k1 should equal Co ~ C, or approxi-

mately ½. However, the capacitance ratio, ~0
, at 

,,.1 
resonance can be shown to be 8 times as large as 

the theoretical ratio at zero frequency. Actually, 
then the ratio is 

stored mechanical energy = k2 = 1r
2 

• .Q. 
total stored electrical energy 8 Co 

1-248 (2) 
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where C and C., are the equivalent capacitances at 
resonance. Since the bandwidth is proportional to 
C/C0 , so also is it proportional to k2• In transducer 
applications, when an inductor is shunted across 
the crystal to tune out the electrical capacitance, 
and the crystal is operated near resonance, up to 
90 per cent efficiency is possible in the conversion 
of electrical to mechanical energy. Under these 
conditions, k is not a direct index of the transducer 
efficiency, but it does serve as a parameter for 
estimating the frequency range over which the 
efficiency is 50 per cent or greater. The ratio of 
the highest to the lowest frequency for greater 
than 50 per cent conversion is: 

fH = /i+k 
f L '\/f"=k 

Crystal Quality Factor, 9 

< ' 

1 -248 (3) 

1-249. The quality factor of a crystal unit is the 
Q of the motional arm at resonance. Thus, 

1--249 (1) 

Quartz crystal units are obtained with Q's rang
ing in value from 10,000 to more than 1,000,000. 
The Q is a performance parameter that provides 
an indication of the ratio of the stored mechanical 
energy of vibration to the energy dissipated in the 
crystal unit per cycle at resonance. If I. is the 
r-m-s current through the series arm at resonance, 
then, at the instant the current is a maximum, the 
equivalent capacitance C can be assumed to be 
completely discharged and all the vibrational en
ergy, E,., is at that instant in kinetic form. This 
energy is equivalent to that stored in motional-arm 

, inductance, L. Therefore, 

E = (l.4141.)
2
L = I 2L 

V 2 0 
1-249 (1) 

The energy dissipated per second, P,., is I.2R Thus, 
the ratio of the stored mechanical energy to the 
energy dissipated per second is 

Ev I.2L L 
p;:= I.2R = 1-249 (2) 

It can be seen that for a given wattage, the greater 
the L/R ratio the greatel" will be the amplitude of 
vibration. Regard1ess of the wattage, for a given 
L the amplitude of vibration will vary approxi
mately directly with the current. Theoretically, 
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since there are no Military Standards setting a 
minimum limit for the series-resonance resistance, 
a crystal unit can be so excellent1y mo,unted that 
it would be vibrated near its elastic limit if atten
tion were given only to the power dissipation 
rather than to the current. Such a situation is not 
likely to arise except possibly in the case of a 
crystal-controlled power oscillator, where space 
and cost limitations require a crystal drive level 
far in excess of the rated level. More important 
from the point of view of maintaining a sinusoidal 
wave shape of the excitation voltage and of im
proving the stability of the oscillator is the ratio 
of the stored energy to the energy dissipated per 
cycle, rather than per second. In terms of angular 
frequency, the dissipation per radian is 1.2R/w, 
so that 

_ I,2wL _ Q 
P

0
/w - I.2R -

1--249 (8) 

ln an actual series-resonant circuit, it is the Q of 
the entire circuit rather than of the crystal unit 
alone that must be considered, so that R should 
be replaced by the total circuit resistance. If a 
tuned, class-C-operated circuit is to be effective in 
maintaining a sinusoidal wave shape and in re
ducing harmonics, the energy stored in the circuit 
should be at least twice the amount that is dissi
pated over the entire cycle. That is, 

. ) Q 2 (mm = -- = 
P,/f 2-ir 

This requirement is met easily in quartz-crystal 
circuits, but it is an important consideration in 
the design of plate tank circuits that are to be fed 
in pulses not smoothed by the action of the crystal. 
The crystal Q is also an important parameter in 
crystal filters. In general, the higher the Q the 
sharper the pass band. 

1-250. Since the Q of a crystal is equal to ~ ✓1f, 
an<l since the g ratio for a given frequency can 

be inc1·eased to almost any value desired by de
creasing the electrode area and by orienting the 
crystal in a direction of weak piezoelectric effect, 
or by using twinned crystal blanks, it might be 
wondered wl1y much larger values of Q are not 
in use. The reason is that the L/C ratio and the 
equivalent series-arm resistance of the crystal are 
not independent of each other. As y'L7C increases, 
so also does R. This can be intuitively seen if it 
is kept in mind that fundamentally the Q is the 
ratio of the energy stored to the energy dissipated 
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per angular cycle. Suppose that we have two 
crystal plates, A and B, both of approximately 
the same size and normal frequency, and both 
mounted exactly alike in that the frictional losses 
of one are the same as those of the other for the 
same energy of vibration. We shall also assume 
that these mechanical losses account for most of 
the crystal driving power. In other words, we 
are assuming that the two crystals have approxi
mately the same quality factor, Q. Now, suppose 
that crystal A has a much smaller electrode area 
than does crystal B, or that for some other reason 
the piezoelectric effect of A is very weak com
pared with that of B. Under these conditions, 
crystal A will have a much larger equivalent L/C 
ratio than does crystal B. But since the Q of A 
equals the Q of B, it can be seen that the series
arm R of A must be greater than the series-arm 
R of B in the same proportion as the square roots 
of the respective L/C ratios. It should be under
stood that the Q and the L/C ratio are compara
tively independent variables as far as R is con
cerned. Where R could not be estimated without 
a knowledge of Q and L/C, the latter theoretically 
could be approximated separately and independ
ently by an examination of the fabrication of a 
crystal unit. L and C, for example, are approxi
mately predetermined by the electrode area and 
the type and size of the crystal element. The Q is 
also to a certain degree a function of the same 
variables, but for given internal frictional prop
erties, is primarily determined by the quality of 
the crystal finishing and mounting. Thus it is that 
the Q is largely determined by the frictional losses 
and is not subject to control by varying the L/C 
ratio. Indeed, as the L/C ratio increases, the piezo
electric effect can become so weak and the resist
ance so high that the crystal cannot be shocked 
into oscillation unless very high voltages are em
ployed. Once in oscillation, a high L/C crystal unit 
could presumably operate satisfactorily, except 
that only very small currents could be withstood 
without the crystal shattering or arcing. There is 
a hypothetical case where an exceptionally large 
L/C ratio could be practical. Such a situation 
would arise if for any reason the external circuit 
resistance faced by a crystal could not readily be 
reduced below some large minimum value. In this 
event, the use of a crystal unit of normal Q but 
large L/C ratio would prevent the over-all circuit 
Q from being excessively degraded by the external 
resistance. Ordinarily the selection of a crystal 
unit will be made on the basis of considerations 
other than the L/C ratio, but where all else is 
equal, including the average values of Q, it might 
be assumed that the crystal units having the some-



what higher vaJues of L/C are generally more 
· suitable for those oscillators which do not require 
a crystal to sustain oscillations, but only to stabi
lize them. Such a circuit oscillating at or near 
the crystal frequency can build up the crystal 
vibrations over a large number of cycles of small 
amplitude, thereby obviating the need of large 
voltage surges or abnormally high vacuum-tube 
amplification. 

Stability of Crystal .Parameten 

1-251. Regardless of how well designed a crystal 
oscillator may be, or how high the degree to which 
the crystal stabilizes fluctuations in the external 
circuit, the over-all performance will depend upon 
the stabiJity of the crystal parameters, themselves. 
Changes in the crystal parameters are primarily 
due to aging, changes in the ambient temperature, 
spurious modes, and to changes in the drive level. 
Aging, here, is used in its broadest sense to include 
practically any nonreversible change in the crystal 
characteristic from whatever cause. The principal 
causes and effects of aging are discussed in para
graphs 1-172 through 1-181. 

EFFECT OF TEMPERATURE UPON 
CRYSTAL PARAMETERS 

1-252. The temperature-frequency characteristics 
of quartz plates are covered in the description of 
the various elements, and· will not be repeated here 
except to note that a change in the frequency 
means a change in the LC product of the motional 
arm. To what extent the frequency drift may be 
due to a change in L and to what extent to a change 
in C would require very precise measurements of 
f, and f.,, and. the approximate formula in para
graph 1-225 for computing C from the measured 
parameters would need to be replaced by a more 
rigorous equation. Although of theoretical value, 
such small changes in L or C are not, in them
selves, of practical importance in circuit design
rather it is the change in the LC product (i.e., in 
the frequency) which is important, and which 
must be kept to a minimum. Low-temperature
coefficient crystals have been developed for this 
purpose, but only the GT, at low frequencies, and 
the AT, to a lesser extent, at high frequencies 
provide a near-zero coefficient over a wide tem
perature range. The more exacting the require
ments, the more expensive the crystal unit will be. 
Fortunately, zero coefficients can be obtained at 
different temperatures by slight variations in the 
orientation angle of the cut. By mounting the crys
tal in an oven thermostatically controlled near the 
zero-coefficient point of the crystal, the tempera-
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ture effected frequency deviation can be kept very 
small. Indeed, an ideal oven having a zero tem
perature fluctuation would permit any type of 
quartz cut to be stable provided the drive level 
remained constant. Nevertheless, the use of an 
oven is to be avoided where possible, because of 
the additional cost, space, weight, and power re
quirements, and also because the crystal pins of 
the oven increase the shunt capacitance across the 
crystal. The additional shunt capacitance proves 
increasingly objectionable at the higher frequen
cies, and makes it necessary that either the oven 
dimensions be as small as possible or that the 
entire oscillator be mounted within the oven. 
Either requirement serves to reduce the stability 
of the oven temperature, particularly if the am
bient temperature varies between wide extremes. 
For ovens of practical size and construction, some 
frequency deviation is to be expected as a result 
of temperature changes. If this deviation is to be 
kept to an absolute minimum, precise tempera
ture-coefficient characteristics must be specified in 
selecting a crystal unit, or a greater precision in 
temperature control than is now attainable in the 
average crystal oven must be sought. An in
genious method of obtaining practically a zero 
temperature coefficient for A elements over a 
span of 20°C and more is being developed by the 
Hunt Corporation. During a luncheon conversation 
several years ago between E. K. Morse, S. Ryesky, 
and D. Neidig (the former, a Government repre
sentative, the latter two of Hunt) concerning the 
possibilities of improving the frequency stability 
of Radio Set AN/ ARC-1 in its first modification, 
the idea originated of operating two temperature
compensating equal-frequency A elements in 
series. The angles of cutting could be so selected 
as to provide equal temperature coefficients of op
posing polarities which would cancel when both 
crystals were operating at the same temperature. 
However, little was attempted in this field until 
recently. Experimental models show I that over 
room-temperature ranges the frequency deviation 
can be quite negligible. Aging data'is still insuffi
cient, but over a period of si:x months a stability 
of · about one-half part per million has been 
achieved, with three-fourths· of the drift occurring 
in the first three months. Probably the most sig
nificant recent activity in the development of 
fabrication processes designed to stabilize the 
crystal parameters against changes in tempera
ture centers around the current investigations 
under the direction of Dr. E. A. Gerber of the 
Signal Corps Engineering Laboratories. As re
ported by Mr. D. L. Hammond in a modest paper, 
Effects of Impurities on the Resonator and Lat-
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tice Properties of Quartz, presented at the 1955 
Signal Corps Frequency Control Symposium, a 
systematic exploration is under way to discover 
and catalog the effects on the parameters of quartz 
crystals which have been synthetically grown to 
include controlled percentages of impuritie~. Im
purity elements being experimented with include 
aluminum, boron, calcium, germanium, lead, se
lenium, tin, titanium, and zirconium. This work 
undoubtedly has revolutionary possibilities. The 
discoveries already made presage the probability 
that temperature effects, which are now so im
portant a problem, can in the future be largely 
eliminated by growing crystals, for particular 
cuts, with controlled impurities of proper quanti
ties and proportions. 
1-253. A crystal operated at an overtone mode 
will have temperature-frequency characteristics 
different from those exhibited by the same crystal 
at its fundamental vibration. For the control of 
very high frequencies the A element is normally 
preferred to the B element, because of its stronger 
piezoelectric effect and because of the smaller fre
quency deviation possible for large variations in 
temperature. However, an AT cut ideally oriented 
for operation at the fundamental mode is not 
usually ideally oriented for the higher modes. A 
research team at Philco Corporation investigat
ing the characteristics of harmonic-mode crystals 
found that by far the greatest change in the tem
perature-frequency characteristics of A elements 
occurs at the first operable harmonic jump, i.e., 
between the fundamental and the third harmonic. 
(See figure 1-112.) Since the subsequent changes 
at the higher harmonics are relatively small, a 

crystal suitably oriented for the fifth harmonic 
will usually be suitable for operation under the 
same temperature conditions at all other over
tones. The sensitivity of the crystal to slight 
changes in the orientation angle is acute. Figure 
1-113, for example, shows the degree by which 
the characteristic curve of an 11th-harmonic A 
element is rotated by successive changes in the 
orientation angle of only 3 minutes each. If this 
crystal were to be operated at room temperature, 
an orientation of approximately 35°27' would 
appear to be preferred. For operation under 
temperature variations of -55° to +70°C, an 
orientation of 35 °30' permits the minimum total 
frequency deviation from . a room-temperature 
mean. Finally, if the crystal is to be mounted in 
an 85° crystal oven, an orientation of 35°33' 
would be optimum. 

EFFECT OF SPURIOUS MODES UPON 
CRYSTAL PARAMETERS 
1-254. Closely allied with the problem of tempera
ture control is the problem of avoiding spurious 
modes. Spurious modes are most apt to occur in 
the case of thickness-shear crystals. Among these 
elements, the AC and BC cuts provide the purest 
frequency spectrum, but unless crystals of these 
types are provided with precise temperature con
trol their larger temperature coefficients prevent 
their being preferred over A and B elements. Cut
ting the crystal blank to the proper face dimen
sions is the most important factor in avoiding 
unwanted modes, but even when due precautions 
are taken, sudden apparent variations in the mo
tional-arm parameters of individual crystal units 
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. ir~tiot .unc:ommon. These effects occur most often 
during variations in temperature, and are due to 
the f~t that the temperature coefficients of nearby 
modes are quite high. The activity and frequency 
curves versus temperature of an erratic A element 

, at series resonance in a tuned bridge circuit are 
shown in figure 1-114. The activity was measured 
by th.e grid current. No tuning adjustments were 
made during the temperature run. Note that the 
sudden jumps occur at some of the same frequen
cies, which, at the high-temperature portion of 
the curve, are apparently of a reasonably pure 
mode, indicating that the temperature coefficients 
of the desired and the unwanted modes are differ
ent. It can also be seen that the sudden dips in 
frequency are accompanied by abrupt changes in 
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activity, the latter probably being due to higher 
motional resistances for the unwanted modes. Un
wanted modes are not always accompanied by 
changes in the resistance. For example, a sudden 
jump from one frequency to another, but without 
the dipping effects shown in figure 1-114, where 
the temperature-frequency curve is effectively 
broken into two smooth curves, may have very 
little effect on the activity. This type of frequency 
jump, which was quite common in the old Y-cut 
crystals, seems to be due primarily to small de
fects in the finishing of the crystal blank. Where 
only one such jump occurs during the temperature 
cycle, it can usually be eliminated by a slight re
tuning of the oscillator circuit. However, retuning 
the oscillator circuit, particularly if the crystal is 
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being operated near series resonance, will have 
little effect upon those temperature-frequency 
characteristics due to unwanted modes that are in
herent functions of the major dimensions of the 

· crystal blank. A crystal unit having characteristics 
similar to those shown in figure 1-114 should not 
be used where the operating temperature is ex
pected to extend into the erratic region. Unfor
tunately, the specifications for inost of the crystal 

units listed in Section II of this handbook are not 
rigorous enough to provide a guarantee against 
unwanted modes for every type of unit, if the 
effects upon the frequency and the effective resist
ance do not cause over-all deviations beyond the 
maximum allowed. On the other hand, "jumpy" 
crystals are the exception rather than the rule, 
but if particular precautions are necessary where 
wide temperature variations are to be encountered, 
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· ~~ij,~.-e crystal units should be used which are 
spec~ by Military Standards to be free of un
"1'.&n~. modes over the desired temperature range. 

1~266. :'.l'he overtone modes of the thickness-shear 
elem.en'tac.are more likely to be troubled with spuri
ou;s 'frequency dips of the type shown in figure 
1,.114 tb~· are the fundamental m~es, but a crys
tal tluLt is _erratic at its fundamental vibration 
~u~llly exhibits a pure frequency spectrum at a 
higq harmopic. Indeed, because the frequencies of 
the unwanted and the desired harmonics do not 
increase in .the same proportion, one method of 
le1$ening the probability of interfering modes at 
the· higher harmonics is to deliberately cut the 
crystal with edge dimensions which favor spurious 
res1>9'nses at the fundamental frequency. Never
theless, the overtone crystals have a tendency to 
oscillate at two or more thickness-shear frequen
cies. Usually, this seems to be due to slight differ
ences in the thickness of the crystal from one point 
to another. For each order of the harmonic, n, the 
crystal can be imagined to be divided into n ]ayers 
perpendicular to the thickness, with each layer be
ing a separate crystal vibrating 180° out of phase 
with the neighboring layers on each side. If n is 
an even number, the separate sections tend to can
cel each other's electrical effects at resonance. For 
this reason the even harmonics cannot easily be 
electrically excited. In the case of the odd har
monics, there is always effectively one vibrating 
layer whose alternating polarity is not neutralized. 
Most of the activity is more or less centered in 
one particular region of the crystal plate. If the 
thickness at an active point differs slightly from 
the thickness at a neighboring point, there wilJ be 
a tendency to jump from one activity center to 
another, and small jumps in the frequency can 
result. In the case of crystal plates vibrating at 
high harmonic modes, a smalJ variation in the 
thickness dimension is generally more likely to 
produce a sudden frequency jump than if the same 
crystal were vibrating at .its fundamental mode. 
If there is little difference between the equilibrium 
conditions of two vibrating stages, the frequency 
may shift back and forth at an audio rate, thereby 
effectively modulating the oscillator output with 
an audio frequency. Such frequency jumps are best 
avoided by the use of ceramic-button holders, the 
design of which concentrates the excitation in a 
small area at the center of the crystal where the 
most uniform thickness is attainable. Occasion
ally, it is found that the small frequency jump 
occurs only at a particular adjustment of the oscil
lator, and therefor,e it can be avoided by slight 
changes in the oscillator tuning. Even so, unless 
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the temperature is to remain reasonably constant, 
a crystal unit exhibiting any tuning jump at all 
should not be used. For although an unwanted 
mode that occurs during a temperature cycle may 
never appear during a tuning adjustment, the re
verse situation is rarely found-a frequency jump 
that can be caused by a tuning adjustment is al
most certain to appear during a temperature cycle. 

EFFECT OF DRIVE LEVEL UPON 
CRYSTAL PARAMETERS 

1-256. There is insufficient data and standardiza
tion at the present time to analyze or to predict 
exactly the effect a change in the drive level will 
have on a crystal unit of a given type. Not only 
do crystal units of the same type exhibit various 
reactions, depending on the nominal frequency, 
the method of fabrication, and the manufacturer's 
specifications, but even when all these factors are 
the same for a sample of crystal units, the indi
vidual reactions to changes in drive level are un
predictable. The frequency and series-arm resist
ance curves versus drive level in figures 1-116 and 
1-116 are shown as examples. These curves were 
prepared from data obtained during a Signal 
Corps research project at New York University 
by a research team consisting of Messrs. Don J. R. 
Stock (Director), L. Silver, E. Strongin, A Yev
love, and A. Abajian. The curves in both figures 
were made from the same set of 9-mc crystal units 
-AT-cut, electrode-plated, wire-mounted types 
CR-18/U and CR-19/U, all made by the same 
manufacturer. 

FREQUENCY VERSUS DRIVE 

1-257. In figure 1-115, note that although the fre
quency of the average crystal unit tends to in
crease with drive level, this effect is by no means 
to be found at all drive levels for all crystal units. 
Unfortunately, the temperature-frequency curves 
for these same crystals are not available, so it is 
not possible to judge how much of the frequency 
deviation is due simply to the rise in temperature 
with drive level. However, the frequencies of other 
A elements have been tested for frequency devia
tion versus power, and even though the increases 
of temperature due to drive occur at points 
of negative slope on the frequency-temperature 
curve, the actual frequency-drive level curve gen
erally reveals a positive slope. This increase in 
frequency with drive is apparently due to a rela
tively large temperature-gradient coefficient. The 
net effect on the frequency is due to the combined 
influences of the changes in both the temperature 
and the temperature gradient, which influences 
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may or may not be in opposition. From the appear
ance of the curves in figure 1-115, it is possible 
that those curves starting with a negative slope 
may be primarily responding according to the nor
mal temperature coefficient. No data is available 
concerning the degree by which the orientation of 
the crystal plate relative to the mounting wires 
might influence the thermal-gradient effect. 
1-258. The rise in temperature per milliwatt of 
drive varies widely with the types of mounting 
used and the sizes of the ceystal plates. For wire
mounted units, most of the heat generated is due 
to friction at the points where the crystal is sup
ported. With the heat source thus concentrated in 
a small region of the crystal surface, steep thermal 
gradients can be expected. The over-all rise in 
temperature is also greater in the case of wire
mounted units, since most of the thermal-leakage 
must be through the air, which, like all gasses, 
acts as a thermal insulator. If the crystal unit is 
vacuum-sealed, the temperature change per milli
watt may increase by a factor of from two to ten, 
depending upon the size of the supporting wires 
and how much of the crystal surface is metal
plated. With the air evacuated, the heat leakage is 
primarily through the supports and by radiation. 
The amount lost by radiation depends largely 
upon the emissivity of the crystal surface, which 
is approximately 40 times as great for unplated as 
for plated areas. If it can be assumed that the heat 
is evenly distributed over the volume of the crystal, 
the temperature rise of a one-centimeter-square 
crystal wire-mounted in an HC-6/U holder (not 
evacuated) can be expected to be approximately 
0.3 to 0.4 centigrade degrees per milliwatt of 
drive. In practice, however, the temperature of the 
parts of the ceystal where most of the heat is gen
erated may increase as much as 10 times this 
amount. If high or variable drive levels are to be 
used, pressure-mounted crystal units should be 
employed. The relatively large contact area be
tween the crystal and the supporting electrodes 
permits a more uniform distribution of the heat, 
thereby reducing the magnitudes of the thermal 
gradients. The pressure mounts also provide a 
much higher thermal conductivity away from the 
crystal, thus enabling a much smaller temperature 
rise per milliwatt of drive. Finally, the pressure 
mount provides better mechanical and aging pro
tection for the crystal when operated at high
amplitude vibrations. Regardless of the type of 
mounting, it is never desirable from the point of 
view of stability or of long crystal life to use a 
higher crystal drive than absolutely necessary. 
1-259. In tests made with GT-cut crystals, where 
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Figure 1-111. Frequency deviation versus crystal 
current density for two GT-cut crystals which 
were subjected to different periods of etcltin9* 

the frequency deviation with temperature is prac
tically zero over a 100-degree centigrade range, 
the opportunity has been afforded to study the 
frequency deviation due to drive alone without the 
complication of temperature-coefficient effects. Ex
periments with G elements, as reported by A.· R. 
D'Heedene, reveal a negative frequency deviation 
with drive, as shown in figure 1-117. Note that the 
GT plate given a deep etch maintained its stability 
during much higher drive levels than did the pla~ 
etched only 20 minutes. Since the effective resist
ance of the better finished crystal can be expected 
to be less than, and to be more stable with increas
ing drive than, the resistance of crystal A, the 
changes in frequency with changes in crystal 
power may have been much closer than the curves 
in figure 1-117 indicate if it was assumed that the 
resistances of the two crystals were equal. If the 
change in frequency is due primarily to changes in 
the thermal gradients, it is more directly a function 
of the crystal power. On the other hand, if the fre
quency deviation is due primarily to mechanical 
strains resulting from high amplitudes of vibra
tions, it is more directly a function of the crystal 
current. Although the evidence now suggests that 
it is the thermal gradients that are the primary 
factors, certainly a lowering of the frequency can 
be expected for any mode if the elastic limit is 
approached too closely. After crystal units are 
subjected to high amplitudes of vibration, they do 
not return immediately to their original frequen
cies when the drive is reduced to a low level. A 
period of days or weeks may ensue before the 
crystal unit regains its former characteristics, 
during which time the performance resembles that 
of a crystal rapidly aging. 
1-260. Although the frequency-versus-drive char
acteristics of individual crystal units deviate con
siderably from the norm, the characteristics are 
generally similar enough to plot reasonably de-
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pendable average curves when the fabrication 
processes and the frequencies are the same. Such 
curves showing average frequency deviation versus 
power are illustrated in figure 1-118. Each curve 
represents the average of several samples from 
a representative manufacturer for a given fre
quency. The curves with the same letter corre
spond to crystal units of the same manufacturer. 
All the crystals are A elements, metal-plated and 
wire-mounted in HC-6/U holders. In every case, 
it can be seen that the average tendency is for the 
frequency to increase with power. 

RESISTANCE VERSUS DRIVE 

>261. The resistance curves shown in figure 1-116 
are more or less typical of the wide variations that 
must be considered in the design of an oscillator. 
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A minimum performance level must be maintained 
regardless of the resistance of the crystal unit, as 
long as the resistance complies with the military 
specifications. Actually, the average series-arm 
resistance of the crystal units shown is quite low 
for 9-mc crystal units. As would be expected, the 
resistance generally increases as the amplitude of 
vibration increases. About one crystal unit in 
eight, however, exhibits a steady decrease in re
sistance as the drive increases. The initial resist
ance of such a unit is usually higher than the 
average. Note in figure 1-116 that a number of 
the curves have relatively sharp negative slopes at 
very low power levels. This characteristic is not 
uncommon, particularly in the case of harmonic
mode elements, where it has become a problem 
requiring special test procedures. Harmonic-mode 
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Figure 1-118. Average frequency deviation versus drive. Eath curve represents the average of a random sample 
of several similarly constructed units of one manufacturer. Curves having the same letter represent the character

istics of crystal units of the same manufacturer 
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cry.I units are now required to pass performance 
tests at two drive levels. The first is at the normal 
maximum recommended drive level; the second 
is to ensure that the resistance falls within 
specifications when the drive is at a minimum. In 
the ·ease of fundamental thickn~-shear elements, 
shel'J) negative slopes of the resistance-drive curves 
at ·1ow drive levels are not as common an occur
rence percentage-wise as is suggested by the 9-mc 
saniples in figure 1-116. Much more likely to be 
foicnd are resistance curves with the slopes slightly 
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more positive at very low drive levels. 
1-262. In the design of an oscillator for military 
equipment a principal consideration is to ensure 
that the crystal drive does not exceed the recom
mended maximum when one crystal unit of the 
same standard type, but of perhaps a greatly 
different resistance, replaces another. If the drive 
is not kept to the lowest practicable level, the re
sistance of a borderline crystal may wen be in
creased beyond the permissible limits, thereby 
excessively degrading the oscillator stability. 

CRYSTAL OSCILLATORS 
For a comprehensive cross-index of crystal

oscillator subjects, see end of Section I. 

FUNDAMENTAL PRINCIPLES OF 
OSCILLATORS 

1-268. An osciIJator can be defined as any physical 
system having a periodic motion. If the motion is 
plotted as a function of time, a wave shape or a 
sequence of wave shapes that fairly accurately 
repeats itself would be considered the fundamental 
cycle of a stable oscillator. On the other hand, if 
there were a continuous change in the wave shape, 
the oscillator would be classified as being unstable. 
An oscillator that is unstable in the general sense, 
may, however, have a stable component of fre
quency, or amplitude, or some combination thereof. 
Of course, all oscillating systems are unstable to 
some degree, so that the terms stable and unstable 
define classifications that are somewhat arbitrary 
though none the less convenient. 
1-264. Oscillators may also be classified according 
to the way in which the oscillations are controlled. 
A number of classifications are possible, but of 
those which consider the oscillating system alone, 
there are three general types: free, forced, and 
forced-free. Free oscillators are those whose oscil
lating energy is entirely self-contained in the 
oscillating state, and whose waveform and fre-
quency are determined entirely by the properties 
of the system. The solar system, purely from the 
point of view of the planetary motions, is an 
example. A quartz crystal vibrating freely in space 
is another. Forced oscillators are those in which 
the energy, wave shape, and frequency are under 
the control of an external power source. An ex
ample would be the cone of a loudspeaker, or a 
quartz filter crystal, where the vibrations are con
trolled by the signal source. ..Forced-free" oscil-
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lators can be described as those which are driven 
by the energy of an external source, but where the 
frequency is primarily determined by the prop
erties of the system. Crystal oscillator circuits are 
of the forced-free type. Again, the classification 
is somewhat arbitrary, for in the final analysis 
there are no absolutely free nor absolutely forced 
oscillations, nor can two systems be rigorously 
considered as distinct when there is an exchange 
of energy between them. In fact, fourth and fifth 
categories are possible. In the one, the frequency 
control and drive are both inherent in the system, 
yet not in the same sense as that defined for free 
oscillators. By a stretch of the imagination, a good 
example is to be found in the hula dancer. In a 
fifth category, the energy is supplied by the oscil
lating system, but the frequency is controlled ex
ternally. An example is to be found by considering 
each limb of the hula dancer as a separate oscil
lating system. Still other categories are possible. 
Insofar as a crystal oscillator circuit is concerned, 
as distinct from its power source, we can consider 
it an independent controlling system in respect to 
the frequency, but only to the extent that the cir
cuit can predetermine the periodic characteristics 
of both the input and the output energies. 

FUNDAMENTAL RE9UIREMENTS OF STABLE 
FORCED•FREE OSCILLATIONS 

1-265. There are two fundamental conditions that 
are always met when a physical system is being 
maintained in a stable state of forced-free oscil
lation. First, the primary source of energy, or 
"prime mover," is supplying energy at the same 
average rate at which energy is being expended 
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by the system. Second, all forces acting on the 
oscillations are, themselves, stable periodic func
tions which have frequencies relative to the fre
quency of the oscillator that can be expressed by 

rational numbers ( e.g., I = 1, ½, ; , etc). In the 
practical case, this latter property cannot occur 
simply by coincidence between independent sys
tems, so that the condition implies that the periods 
of all forces acting on the stable oscilJations are 
controlled by the oscillator, itself. The most im
portant of these forces are those exerted by the 
power source in driving the oscillator and those 
exerted by the output as a result of reaction with 
the load. The first condition for stable oscillations 
ensures that the average amplitude of oscillati<>n 
is stable. The second condition ensures that the 
fundamental frequency is stable. Together, they 
ensure that the waveform is stable. 
1-266. As a simple example of a forced-free oscil
lator, consider a system consisting of a swinging 
pendulum. If the frictional iosses per cycle are 
small relative to the energy stored in the system, 
and if the amplitude is small, the oscillations are 
essentially those of simple harmonic motion, with 
the frequency being determined by the geometry 
of the system and the gravitational field. Assume 
that the pendulum, each time it reaches a certain 
point in its cycle, triggers a latch that releases a 
spurt of energy from a power source. If each kick 
received imparts the same amount of energy to the 
system, an equilibrium of stable oscillations will 
be reached when the input pulses are being com-

. . pletely transformed into a l!limple harmonic flow 
of energy to the surroundings. In order for the 
power source to transmit energy to the system, it 
must exert its force while the system is moving in 
the direction of the force. Otherwise, it will be 
the "power source," rather than the oscillator, that 
gains energy. If the system dissipates energy at 
the exact instantaneous rate at which it is received, 
the applied force will not, itself, produce momen
tary accelerations in the pendulum's swing each 
cycle. However, the losses from the system do not 
occur at simply a single interval during the cycle, 
but obey a sine-wave function extending over the 
entire period. Only at the instants of zero kinetic 
energy, at the end of each swing, can the instanta
neous losses be considered zero. Thus, each pulse 
of energy must accelerate the pendulum in its di
rection of motion so that the waveform must 
deviate somewhat from a pure sine shape. The dis
tortion is a minimum when the ratio of the total 
stored energy to the energy input per cycle is a 
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maximum, and when, during the input interval, 
the ratio of the energy dissipated to the energy 
absorbed is a maximum. In other words, the dis
tortion becomes smaller the higher the "Q" of the 
pendulum, the longer the interval over which the 
impulse is spread, and the more the impulse is 
centered at the middle of the swing where the in
stantaneous power dissipation is the greatest. 
Now, even though the impulses distort the wave
form, the oscillations are stable if exactly the same 
pattern is repeated periodically. If instead of 
swinging back and forth, the pendulum is swing
ing through a complete circle, it is easier to see 
that if several impulses are transmitted to the 
system each cycle, the same pattern will continue 
to be repeated as long as the frequency, or fre
quencies, of the impulses are related to the 
frequency of the pendulum by a ratio of whole 
numbers. The fundamental of the pendulum cycle 
need not equal the fundamental of the stable wave, 
but it must be a harmonic thereof. For example, 
suppose that a pulse of energy is imparted to the 
system only once every four cycles. Then the funda
mental period of the stable waveform is four times 
the period of the pendulum. If five impulses are 
delivered for each four cycles of the system before 
being repeated in the same phase as before, the 
period of the stable waveform will again equal 
four pendulum cycles. Only when there are one, 
two, three, etc, impulses r~peated each cycle does 
the period of the stable wave equal the natural 
period of the oscillator. In the same way by which 
the forces exerted by the energy sources distort 
the sine-waveform, so do the forces exerted by the 
load into which the pendulum loses its energy. If 
the impedance during any interval of the swing 
changes from cycle to cycle without repetition, a 
stable waveform is not obtainable. 

APPLICATION OF FUNDAMENTAL OSCILLATOR 
PRINCIPLES IN THE DESIGN OF 

ELECTRONIC OSCILLATORS 

1-267. In the application of electronic osci11ators, 
it is not usually a stable over-all waveform that is 
the first requirement, but a stable fundamental 
frequency. Practically, however, these two effects 
are not independent, and the generation of the one 
involves the generation of the other. The deviation 
from a pure sine wave in the a-c output of a stable 
crystal oscillator will be entirely due to the pres
ence of harmonics of the fundamental. Such frac-

tional components as ¾ ths of the fundamental 

or the harmonics thereof do not appear. With the 



'f(' 

i load impedance constant, the conditions of stability 
, are reached when energy is being supplied at the 
average rate of dissipation and at the same phase 

, interval of each cycle. In the generalized crystal 
:oscillator circuit of figure 1-108 (B), the first con
diti<>n is met when P• is equal to -R •. The second 

, condition is met when X, is equal to -X •. In ap
, plication, the two conditions are not independent 
of each other, for the build up in the energy of 
oscillation depends upon the power source not 
exerting its force in phase opposition to the oscil
lations. Indeed a common approach to the analysis 
of an oscillator circuit is to establish a single equa
tion that expresses simultaneously the equilibrium 
requirements of both the rate and the phase of the 
energy supply. Equation 1-289 (1) for the Pierce 
and Miller circuits is.an example. Since this type 
of equation, when fully developed, usually becomes 
quite cumbersome, such an approach is only oc
casionally followed in this manual, it being more 
convenient to treat the two basic equilibrium con
·ditions separately. The first condition, that the 
rates of energy supply and of energy dissipation 
be equal, can be assumed to be satisfied if the mag
nitude of the rms voltage between any two points 
in the circuit is constant. This condition can be 
expressed by an equation which equates the loop 
gain to unity. By this we mean that, starting with 
the input circuit, or at any convenient point, the 
overal1 voltage gain around the oscillator loop back 
to the starting point is unity at equilibrium. If the 
loop gain is greater than unity, oscillations build 
up, if less than ur,ity, they do not start, or, if 
already started, they die down. As an example, the 
loop-gain equation of a simple oscillator of the type 
shown in figure 1-177 ( D), where the feedback 
energy is transformer-coupled from the plate cir
cuit to the grid circuit, can be expressed as follows: 

G,G,G, = :p · :• · ~ir 1 
g p • 

1-267 (1) 

where G, is the gain of the vacuum tube, G, is the 
gain of the transformer in the plate circuit, and 
G,. is the gain of the feedback from the transformer 
secondary to the vacuum-tube input. Although the 
loop-gain equation may at first glance appear 
trivial since the product of the voltage ratios 
equals unity regardless of what voltage values are 
assigned, it should be remembered that a necessary 
qualitative implication requires that each voltage 
ratio represent the gain of an actual transfer of 
energy from one circuit to another. When the 
voltage ratios are expressed in terms of the circuit 
parameters an overall network formula is estab
lished that will serve to discipline the oscillator 
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design. In a similar manner, the second condition 
of equilibrium can be expressed as an equation of 
the loop phase rotation, in which the total phase 
shift in the voltage around an oscillator loop is 
equal to zero, or to some integral multiple of 360 
degrees. Continuing the example of the trans
former-coupled oscillator above: 

1-267 (2) 

where e, .• is the phase of E,. with respect to Eii, e." 
is the phase of E" with respect to E1., and e ... is the 
phase of E" with respect to E •. In most cases ap
proximately ideal conditions can be assumed so 
that the loop phase requirements need only be 
analyzed qualitatively. 1''or instance, in the ex
ample given of the simple transformer-coupled 
oscillator, let it be imagined that the plate circuit 
is to be designed so that the vacuum tube faces a 
purely resistive load. Thus, 01,., will represent the 
180-degree phase reversal introduced \.Jy the vac
uum tube, 0,1, will represent a counter 180-degree 
reversal by the plate transformer, so that the 
principal phase consideration is to design a grid 
circuit that will allow E., to be in phase with E. at 
the desired frequency. The loop-phase considera
tions are much more involved in the case of the 
conventional one-tube resonator circuit shown in 
figure 1-119. The loop phase rotation in this gen
eral type of circuit applies to imch oscillators as 
the tuned-grid-tuned-plate, the Hartley, the Col
pitts, the Pierce, and the Miller. It is discussed in 
detail in following paragraphs. The loop equations 
are the guides by which the design engineer ap
proaches the basic oscillator problems of obtaining 
the desired amplitude, the desired frequency, the 
desired amplitude stabiiity, and the desired fre
quency stability. As a general rule, these four fun
damental design considerations are handled with 
the aid of the loop equations in the following ways: 

a. An oscillator is designed to provide a certain 
amplitude of oscillation by ensuring that the 
parameters that vary with the amplitude (usually 
the vacuum-tube parameters) reach their limiting 
values, as defined by the loop-gain equation, when 
the desired amplitude is reached. 

b. An oscillator is designed to oscillate at a 
given frequency by ensuring that the loop-phase 
equation holds at, and usually, only at, the desired 
frequency. Should the loop-phase equation also 
have a solution at some other frequency ( e.g. the 
loop phase of the transformer-coupled oscillator 
mentioned above may well equal zero at more than 
one mode of the crystal's vibration), the design 
must ensure that the loop gain is less than unity at 
the unwanted frequency. 
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c. The amplitude stability is improved by coun
teracting or minimizing variations in those circuit 
parameters which, as indicated by the loop-gain 
equation, are most likely to cause changes in the 
amplitude. 

d. The frequency stability is improved by coun
teracting or minimizing variations in those circuit 
parameters which, as indicated by the loop-phase 
equation, are most likely to cause changes in the 
frequency. 
Before proceeding to a discussio_? of the particular 
types of oscillators, let us first examine in detail 
the phase relations of the conventional resonator 
circuit of figure 1-119(B). If a firm qualitative 
understanding of the operation of this type of cir
cuit is had, the reader should be greatly aided in 
interpreting the physical meaning of equations 
later to be derived. 

PHASE ROTATION IN YACUUM•TUBE 
OSCILLATORS 

1-268. The conventional equivalent circuit of a 
vacuum-tube amplifier is shown in figure 1-119 
(A). The equivalent generator voltage is equal to 
-µEg, where ,. is the amplification factor of the 
tube, and E, is the excitation voltage on the grid. 
RP is the plate resistance of the tube, and Zt is 
the a-c load impedance. The minus sign of the 
generator voltage indicates a 180-degree phase 
difference between the equivalent emf and Ea:. For 
oscillations to build up, energy must be fed back 
in the proper phase from the plate circuit, or from 
some circuit in a following stage. The control grid 
of the vacuum tube is effectively an escapement 
device for controlling the release of energy from 
the power source. Since this energy must be re-

fp-

ZL 

(A) 

leased each cycle so as not to be in phase opposition 
to the oscillator, the grid voltage alternations must 
be "timed" by the activity in the rest of the circuit. 
This means that a sufficient and properly phased 
part of the energy released by the action of the 
grid must be fed back from the plate circuit each 
cycle, or from some other circuit of a following 
stage, in order to continue the periodic release of 
energy. The initial rush of plate current is to be 
sufficient to shock the circuit into osciUation, and 
the initial alternating voltage fed back to the grid 
circuit. must be sufficient for the vacuum tube to 
generate more a-c energy than is lost during the 
first cycle. RI> increases with the amplitude of 
oscillations until equilibrium is reached. 
1-269. The phase relation between the grid and 
plate voltages of an oscillator vacuum tube at equi
librium is the same as that which would occur if 
the grid were excited at the same frequency from 
an external a-c source and the tube were connected 
as a conventional amplifier, operating into the same 
equivalent load impedance it faces as an oscillator. 
However, only a certain impedance relationship 
among the components of a particular oscil1ator 
circuit can provide a feed-back producing the 
proper input phase. It is this necessary impedance 
relationship that determines the frequency. In the 
usual single-tube oscillator, the equivalent vacuum
tube generator, of voltage - 14Eg, must drive a 
plate-coupled feed-back circuit that causes the volt
age appearing across the grid to be rotated 180 
degrees ahead of or behind the generator emf. The 
simplest method of reversing the phase is by trans
former coupling. On the other hand, if two tubes 
are used, the reversal can be accomplished by the 
second tube alone. Either of these methods can 

fp- lg-
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1 
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Figure 1-119. (A) Equivalent circuit of vacuum-tube amplifier. (BJ Equivalent c:ircuit of crystal oscillotor• of the 
· Pierce and Miller types 
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enable a crystal oscillator to work into a more or 
less resistive load, so that fluctuations in the circuit 
parameters can have little effect on the feed-back 
phase, and, hence, upon the frequency. In the con
ventional parallel-resonant circuits, such as are 
illustrated in figure 1-109, the phase is rotated as 
shown in figure 1-119 (C). First, assume an ideal 
case in which the resistive losses in the feed-back 
arm are zero. In this case, but only in this case, 
Zt would need to be resistive. The frequency would 
be that at· which tile plate and feed-back arms 
operate as a parallel-resonant tank. There would 
be no phase shift in the voltage across Zt, and Ep 
would be of the same sign as -p.E11• Zp and z,, the 
impedances of the plate circuit from plate to cath
ode and of the grid circuit from grid to cathode, 
respectively, are reactive, and must always have 
the same sign. Zpg, the plate-to-grid impedance is 
the dominant impedance in the feed-back circuit, 
and is always opposite in sign to ZP and Z,r In the 
ideal circuit, if ZP and Z11 are positive, Zp11 is nega
tive, so the current, I,, leads Ep, and therefore 
,::_p.E11, by 90 degrees. If ZP and Z, are negative, ZH 
is positive, so Ill lags EP 90 degrees. The voltage 
across Zpg, of course, would be in phase with Ep in 
both instances. Since Z11 is opposite in sign to Zp,r, 
E,: thus is opposite in sign to Ep, and the required 
reversal takes place. Note that l 11 is first rotated in 
phase with respect tQ Ep; next E11 is rotated in the 
same direction with respect to Ill. 

. 1-270. In an actual circuit, the feed-back losses 
cannot be zero, so that a 180-degree reversal can
not be obtained in the conventional feed-back cir
cuit alone. This means that EP must first be rotated 
by an amount exactly sufficient to make up the 
difference. Assume first that RP is much greater 
than Zi,, so that Ip can be assumed to be essentially 
in phase with the equivalent generator voltage. In 

CHARACTERISTICS OF EOUl\tALEN:T-CIRCUIT PARAMETERS 
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this case, an inductive Zt causes EP to lead the emf, 
whereas a capacitive Zt causes EP to lag the emf. 
Unless the effective Q of the feed-back circuit is 
very low, Zt, must be very nearly resistive, for the 
shift in the phase of EP need not be large. In any 
event, the rotation of E1, must be in the same direc
tion as that of Iir and Eg. For this to occur, the 
susceptance of ZP must be greater in magnitude 
than the susceptance of (Zpg + Zir). That is, the 
reactive component of the current through ZP must 
more than cancel the reactive component of Ii1. The 
smaller the value of R1, compared with the value 
of Zt, the more nearly will Zt control the phase of 
Ip, and the more detuned must the parallel circuit 
become in order to obtain the necessary rotation 
of Ep, If practically all the resistance in the feed
back arm is between the grid and the cathode, as 
is normally the case when Eir is developed directly 
across the crystal unit, Ev must be rotated through 
a larger angle than otherwise, thereby requiring 
the parallel circuit to be detuned to a greater de
gree. This is because EP must be rotated by an 
amount effectively equal to the sum of two angles. 
One of the angles is the difference between the 
actual phase of Ill relative to EP and the ideal phase 
of ±90 degrees. The second angle is the difference 
between the actual phase of Zg and its ideal phase 
of ±90 degrees. If all the resistance is contained 
in the large impedance Zrir• only the phase de
ficiency of Ill is reflected in the phase of E.,. On the 
other hand, if all the resistance is effectively con
tained in the small impedance z., the effect on the 
phase of EP by I~ is normally small by comparison 
with the effect due to the grid-to-cathode resist
ance. Expressed in polar form : 

where 611 and 674 , which must be equal in magnitude 

·-ffo PHASE RELATIONS tao• o· . 
t VOLTA:GE ANO CURRENT WITH RESPECT TO Et. tMPfOANC£S 

WITH RESP(CT TO CURRENT THAOUGH TH(M ) 
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Figure 1-119. (CJ Chart showing ideal and typical ph.ose refofions necessary for forced-free 
oscillations of the circuit shown in (8} 
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but opposite in sign, are the phase angles of le with 
respect to Eg and of Zs with respect to 111• Now, 
letting lfzvgc equal the phase of the total feed-back 
impedance, (Zp., + Z,r), with respect to the current 
through it, and llEp equal to the phase of EP with 
respect to Eg, 

we have 

and 

so that 1~270 (1) 

Since Bz1,,:,. is opposite in sign to lfz.,, these two phase 
angles add numerically. If it is assumed that ZPCC is 
approximately six times the magnitude of z .. , but 
that all the feedback-arm resistance is between 
the grid and cathode, the Q of Zpgc will be approxi
mately five times the Q of Zg. Under these condi
tions the rotation of EP from the ideal value of 
-180 degrees is approximately 20 per cent greater 
than the deviation of -OZg from its ideal value of 
:r:90 degrees. If Zg represents the effective imped
ance of a crystal unit in parallel with the grid-to
cathode capacitance and resistance, the minimum 
rotation of OEp occurs when the effective Q of the 
crystal and its shunt impedance is a maximum, 
provided Z1,g > > Zg• Similarly, if Z1,g represents the 
z. of a crystal unit whose effective resistance is 
much greater than the equivalent series resistance 
of the grid-to-cathode impedance, the rotation of 
6g,, depends primarily upon the crystal unit Q., and 
is a minimum when Q. is a maximum. 

1-271. In a conventional parallel-resonant crystal 
oscillator having an ideal feed-back arm, the fre
quency would be determined entirely by the reson
ance of the tank circuit, so that fluctuations in Rp, 
although effective in changing the activity, would 
not affect the frequency. In practice, the equivalent 
resistance of the crystal unit is a parameter of the 
feed-back arm, so that the detuning of the tank 
becomes very nearly a direct function of the effec
tive Q of the crystal and its shunt capacitance. 
Note that the phase of EP with respect to E11 and 
-,.E,. is determined entirely by the parameters of 
the feed-back arm. As long as oscillations continue, 
variations in R11 or Z11 can only change the phase of 
Ev indirectly, i.e., by causing a change in the Q of 
the feed-back arm. Since the effective resistance 
can vary by as much as a factor of 10 between 
minimum and maximum values for the same stand
ard type of crystal unit, an oscillator cannot be 
designed too closely upon the assumption that the 
load impedance ZL will be essentially the same 
either in phase or magnitude when one crystal unit 
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is replaced by another--even if it is of the same 
type and nominal frequency. This limitation might 
possibly be minimized by switching the crystal 
unit from the feed-back circuit to the plate circuit, 
and replacing it with a high-Q inductor in the 
feed-back arm. If the grid were operated with bias 
sufficient to prevent the flow of grid current, a very 
high and predictable Q could be obtained in the 
feed-back circuit, and an approximately resistive 
Z1, could be assumed for the tank regardless of the 
variations in ZP due to variations from one crystal 
unit to the next. 

1-272. An oscillator that can be represented by the 
equivalent circuit shown in figure 1-119 will show 
the following phase characteristics and related 
effects. 

a. The phase of EP is entirely determined by the 
over-all Q of the feed-back circuit and the Q of the 
grid-to-cathode impedance, Zr The phase angle, 
8E11, is given by equation 1-270 (1) as being equal 
to (8z1,..., -8Zg). Let us now assume that (8z1.,,c 
-Ozg) is determined by an imaginary over-all Q 
of the feed-back circuit. This we define to be 

Qi = I cot Ot;p I = I cot ( Ozpgc Oz11) I 

= I tan Ozp~c tan Oz,. + 1 j 
tan Ozpgc - tan Oz~ I 

= QMC Q,. - 1 Q!•R< Q/1: 
Q.,,.. + Qg Qpgc + Q, 

1-272 (1) 

It can be seen that if either Q ..... , the actual effec
tive over-all Q of the feed-back circuit, or if Qi, 
the Q of the grid-to-cathode impedance, is very 
large compared with the other, Q, is approximately 
equal to the smaller Q. 

b. For a given phase difference between Ev and 
-,.E .. , the ratio of Z1, to the total feed-back imped
ance, Zv«<, is less than 1 by an amount which in
creases as the ratio of Rv/ZL decreases. In other 
words, the ratio of the r-f current in the plate cir
cuit to the r-f current in the gl'id circuit increases 
as RP decreases. 

c. The value of R1,/Z1, is partly a function of the 

ratio Zill" = E 11/E,. Assume, for example, that 
K 

Rp > > ZL, so that Ev! ,.E, ( Rp ~ zJ = i: . Also 

assume that during oscillations Z11 is decreased, but 
that Z11g remains essentially constant. The ratio 
E,./Es is thus increased, and likewise the ratio 

EP/ ,.Ee = ~t . In other words, as Ee becomes a .. 
smaller component of the total voltage across the 



feed-back circuit, EP cannot decrease in the same 
proportion, else each succeeding cycle would be 
weaker than the one before; so the ratio Rp/ZL 
must decrease. Part of the change is due to the 
increase in Zr,, and part is due to a decrease in Rv. 
If it is assumed that a large percentage change in 
ZK causes only a small percentage change in Zpgo 

then ZL remains essentially constant in magnitude 
and R1, becomes the principal variable. In any 
event, as R1JZL decreases, the effective Q of ZL, as 
represented by an equivalent resistance and react
ance in series, must increase in order to compen
sate for the increased phase shift of IP. 
1-273. From the qualitative discussion in the fore
going paragraphs it can be seen that in the con
ventional parallel-resonant crystal oscillators the 
state of an oscillator in operation is primarily de
termined by the impedance relations in the feed
back arm. Since the impedance of a crystal unit 
changes very rapidly with a small change in fre
quency, a crystal connected in the feed-back circuit 
makes the oscillator less critical in design than 
would otherwise be the case. Where maximum sta
bility is required, the vacuum tube will be operated 
as nearly class B as possible. Under class-A con
ditions, RP and ,,. are approximately given by the 
d-c, plate-characteristic data of the tube. In the 
case of power oscillators, amplifier operation will 
normally be class C, although class B or even class 
AB may be employed in particular circuits. In these 
cases, the effective tube parameters cannot be 
known beforehand, but reasonably accurate ap
proximations can be made and optimum operating 
conditions can be reached by more or less trial
and-error final adjustments. The operation of con
ventional oscillators is made less critical, both in 
starting oscillations and in maintaining·a constant 
amplitude, by the us£ of gridleak rather than fixed 
bias. From the point of view of phase rotation, the 
conductance of the gridleak somewhat decreases 
the Q of Zg, and thereby necessitates increased 
detuning of the tank. Nevertheless, in low~power 
oscillations the gridleak losses can normally be 
considered negligible in comparison with the crys
tal losses. It is as a limiter and stabilizer of the 
amplitude that the gridleak bias is most important. 
Any changes in the circuit that tend to change E, 
automatically change the bias in such a direction 
that R1• and gm of the tube are readily adjusted to 
new equilibrium values, so that the tendency is one 
of immediate opposition to the change in so far as 
the activity is concerned. 

TYPES OF CRYSTAL OSCILLATORS 

1-274. Crystal oscillators are frequently classified 
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as being either crystal-controlled or crystal-stabi- . 
lized. A crystal-controlled oscillator is defined as ' 
an oscillator that cannot oscillate if the crystal is 
removed or is defective. A crystal-stabilized oscil
lator, on the other hand, operates as a "free-run
ning" oscillator if the crystal is removed. When 
the crystal unit is properly inserted and the "free
running" frequency is made to approach the nor
mal resonance of the crystal, the mechanical 
vibrations of the crystal sharply increase. At. some 
point the piezoelectric effect will be sufficient to 
suddenly "capture" the oscillations and thereby 
synchronize them at the crystal-circuit frequency. 
Generally, the crystal-controlled oscillator is pre
ferred, since it is not desirable that oscillations 
continue if the crystal unit suddenly or gradually 
becomes defective. Also, crystal-controlled oscilla
tors are normally less critical to design and are 
less likely to jump suddenly from one frequency 
to another. The crystal-stabilized oscillator does 
have the possible advantage of being able to oper
ate successfully with very-high-Q crystal units 
whose piezoelectric coupling, however, would be 
too weak for the crystal to build up oscillations 
from a single initial impulse. A number of oscil
lator circuits appear to be border-line cases, that 
can only arbitrarily be classified as crystal-con
trolled or crystal-stabilized. For example, the CI 
meter circuit shown in figure ·1-106, if connected 
in the crystal position of S., would fail to oscillate 
if the crystal terminals were open, but not if they 
were shorted. Most of the oscillator circuits that 
are discussed in the following paragraphs are 
classified as crystal-controlled inasmuch as the 
oscillations do not occur if the crystal units are 
disconnected. 
1-275. A more practi<'.al classification from the 
standpoint of circuit design and of selection of a 
crystal unit is that of series- and parallel-resonant 
crystal oscillators. In general, the series-resonant 
type provides the greater frequency stability and 
can generate the higher frequencies; whereas the 
parallel-resonant type is the more economical to 
construct, can operate over a wider frequency 
range by the substitution of different crystal units, 
and can generate the greater power output. There 
are, nevertheless, a number of exceptions to the 
general rule. · 

PARALLEL-RESONANT CRYSTAL 
OSCILLATORS 

1-276. The first. quartz oscillators to find general 
usage as frequency-control devices were of the 
parallel-resonant type. These oscillators are used 
primarily with fundamental-mode crystals at fre-
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quencies below 20 me. In the conventional circuits 
of this type, the crystal must operate between its 
resonant and antiresonant frequencies, thereby be
having as an inductor. Under these conditions the 
circuit does not oscillate if the crystal unit becomes 
defective. Unless a frequency monitor is to be 
available, these oscillators should be permitted a 
tolerance of 0.002 per cent or greater, depending 
primarily upon the tolerance rating of the crystal 
unit to be used. Under extreme operating condi
tions, an oscillator error of approximately twice 
the crystal unit tolerance should be permitted. The 
conventional circuits are of the Pierce and Miller 
types, or their modifications. Maximum stability 
is achieved with low crystal drive and class-A to 
class-B operation of the tube. Maximum power effi
ciency is achieved with class-C operation. Since 
fundamental-mode crystals become too thin and 
fragile for operation above 20 me, overtone crys
tals are necessary at these higher frequencies. 
However, the shunt capacitance, C0 , and the series
arm L remain the same whether the thickness
shear crystal is operated at the fundamental or the 
overtone mode, whereas the series-arm C varies 
inversely with the square of the harmonic. Thus, 
the capacitance ratio, C0 /C, increases with the 
square of the harmonic, so that the electromechan
ical coupling may be too weak to initiate oscilla
tions at normal voltages if the crystal unit is to 
be operated at parallel resonance. For this reason 
and also because C0 , as well as the tube capaci
tances shunting the crystal, have larger suscep
tances at. the higher frequencies, which greatly 
reduce the operating range of the crystal unit, the 
parallel-mode circuits are unsuitable for use at the 
higher frequencies. If the basic circuits are modi
fied to employ series-mode crystals, or are used 
in conjunction with frequency-multiplying stages, 
they can provide stable control of very high fre
quencies. The introduction of a number of multi
plier stages with the attendant problems of pre
venting unwanted frequencies is usually less to be 
preferred than the direct generation of the end 
frequency by the use of overtone-mode crystals 
in series-resonant circuits. Although frequency 
multiplication involving more than one multiplier 
stage is still widely used in conjunction with par
allel-resonant master oscillators, this usage is 
found principally in medium- to high-frequency 
transmitters where various multiplying combina
tions can provide the maximum number of chan
nels with a minimum number of crystal units. 
Control by parallel-mode circuits of frequencies 
above 30 me is not very common. One example is 
to be found in Radio Set AN/ ARC-IA. In this 
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equipment, a fundamental frequency of 8 me, for 
instance, would be doubled in the oscillator plate 
circuit and increased nine times more in the plate 
circuit of the following stage. Thus, with only two 
tubes, a parallel-resonant oscillator can control a 
frequency of 144 me and higher. In the analysis 
of the particular oscillators to follow, the Pierce 
oscillator has been chosen as something of a refer
ence circuit as well as a point of departure in the 
discussion of many design considerations to be 
encountered in crystal oscillators. For this reason, 
the reader will find the treatment of the Pierce 
circuit, lJoth qualitatively and mathematically, con
siderably more detailed than that of the other 
types of circuits. Space forbids as compreheusive 
a treatment for the other circuits, but the design 
problems and methods illustrated in the particular 
case of the Pierce oscillator are applicable in prin
ciple to all oscillators. 

The Pierce Oscillator 

1-277. The Pierce oscillator is fundamentally a 
Colpitts oscillator in which the plate-to-grid tank 
inductance has been replaced by a crystal unit, as 
shown in figure 1-120. The design of the Pierce 
oscillator is simpler and less critical than that of 
any other crystal circuit. As long as R1 and Rg are 
large compared with the capacitive reactances 
shunting them, the Pierce circuit will oscillate with 
crystal units covering a wide band of frequencies. 
The use of load resistance, Ri, in figure 1-120 (A) 
aids in maintaining a reasonably flat response over 
a wide frequency range without the necessity of 
tuning adjustments other than the switching from 
one crystal unit to the next. Where a broad fre
quency range is not required, or where greater 
activity is necessary, an r-f choke should be used 
in place of R1 ; otherwise, power approximately 
equal to I1,2R1 is simpiy wasted (lb = average d-c 
plate current). But even with this economy, the 
Pierce oscillator cannot be used to generate as 
large an output as the Miller circuit. The principal 
reason is to be found in the fact that the imped
ance Zpg of the equivalent circuit, which in this 
case is provided by the crystal unit in parallel with 
the plate-to-grid capacitance of the tube, muRt he 
approximately equal to, or greater than, ZP and Zs 
combined. Since the impedance of the crystal unit 
is fixed by its frequency and rated load capaci
tance, larger plate impedances are possible if the 
specified crystal impedance is Z11. instead of Z
Thus, for the same crystal current, larger output 
voltages can be developed across the tank in the 
Miller than in the Pierce circuit. On the other 
hand, the effective feed-back phase Q, is greater 



if the crystal is not connected between the grid 
and cathode. This permits the tank to appear more 
nearly resistive to the tube, so that fluctuations in 
RP have less influence upon the frequency. Thus, 
a Pierce oscillator is generally more frequency 
stable than a Miller oscillator using the same crys
tal unit. The typical Pierce circuit employs a triode, 
although screen-grid tubes are usually to be pre
ferred, because the higher RP and the negligible 
plate-to-grid capacitance serve to improve the fre
quency stability. The oscillator is generally used 
at frequencies above 200 kc and below 15,000 kc. 
If an overtone mode is to be excited the oscillator 
must be made frequency-selective, by replacing R1 
with an inductor, L1. The inductance of Li must be 
such that the antiresonant frequency of Li in par
allel with C1 is lower than the operating frequency 
of the crystal, in order that Zp will appear capaci
tive. The use of the inductor-capacitor combination 
also reduces the harmonic content of the output 
waveform. If small L/C ratios are used, the effec
tive plate-to-cathode capacitance will be much 
greater for the overtones than for the fundamental 
frequency, so that the former are more readily 

l 
I 
I 

' I 

c:::::, 
=CPIJ =Cpc 

I 

' 
Zpg 

l 'I r 
Z9 

l R9 ICg 
- -

(A) 
PIERCE OSCILLATOR 

Section I 
Crystal Oscillaton 

bypassed to ground than would be the ease if no 
coil were used. In deciding upon the type of oscil
lator circuit to use, those rule-of-thumb factors 
most favorable to the selection of a Pierce cir
cuit are: 

a. The frequency lies between 200 and 15,000 kc. 
b. The permitted frequency error is not less 

than 0.02 per cent, or 0.015 per cent if a regulated 
voltage supply is available. 

c. The oscillator is to be capable of untuned 
operation over a wide frequency range, simply by 
switching from one crystal unit to another. 

d. Only a small voltage output is required. 
e. The oscillator must be of inexpensive design. 
f. The oscillator must not be critical in opera

tion, but able to oscillate readily with relatively 
large deviations in the parameters of the external 
circuit. 

g. Wave shape is not critical. 
h. Same as above, except that the permitted 

frequency error is 0.01 per cent and thermostatic 
control of the crystal temperature is feasible. 

i. Same as above, except that the permitted fre
quency error is 0.005 per cent, thermostatic con
trol of the temperature is feasible, a regulated 
voltage supply is available, and the oscillator can 
be designed to operate at one frequency only. 

RI 

r 
RI 

BLOOKING 
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Cl 

1Jgure 1-120. Diagrams illustrating tlte equivalence c Bl 
between tlte Pierce circuit and tlte Colpitts circuit OOLPITTS OSCILLATOR 
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ANALYSIS OF LOAD CAPACITANCE, C., 
IN PIERCE CIRCUIT 

1-278. Once that it has been decided to employ a 
Pierce type oscillator, the standard type of crystal 
unit is chosen which provides the desired fre
quency and frequency tolerance and which has 
been tested according to the Military Standards 
for parallel-resonance operation. One of the first 
design considerations is to ensure that the crystal 
unit will effectively operate into its rated load 
capacitance, Cx. Such operation is necessary, else 
there can be no assurance that one crystal unit of 
the same type can replace another and still fall 
within the drive-level and effective-resistance spe
cifications. For most parallel-resonance crystal 
units the value of Cx is 32,..,-.f, although at frequen
cies under 500 kc, values of 20 µ.,..f are common. 
In particular instances, still other values of Cx are 
designated. To a first approximation, referring to 
figure 1-121 (A), the crystal unit operates into a 
load capacitance equal to Cpg plus the total of Cc in 
series with the parallel combination of Ci, Cpc, and 
the effective inductive impedance presented by the 
vacuum tube. Since the Q of the feed-back arm is 
not infinite, Ep, it will be recalled, must be rotated 
slightly away from -,..Eg; the direction is such 
that for a particular frequency Cpc + C1 must be 
slightly larger than would otherwise be the case. 

C0 = C.., + C1 C, _ C/C, 
X - Cp' +-C, 

1 
_ (X•' + Xe,)' C. = w'L,. PT - X.' P 

= 
c; = c. + c. (X.')2 x.• 

-p = --, = - = Pl 
R. R. 

i 
I 
( x'e I 

Cp 
.... -,.en PT -

I 
I 
I R't 
I 
I 

C9 
(Bl 

Even though the actual equivalent tank circuit is 
slightly detuned, mathematically the crystal unit 
is to be in resonance with an effective load capaci
tance Cx, (See figure 1-108 (D) .) The vacuum 
tube appears to the tank circuit as a negative re
sistance having a positive reactive component 
sufficient to cancel the excess susceptance of Zp, 
At equilibrium, the tube can be represented by an 
equivalent inductance, Lr, in parallel with a nega
tive resistance, PT• as in figure 1-121 (A). Note 
that PT is smaller than p of figures 1-121 (C) and 
(D). This is because PT is not connected directly 
across the crystal, but faces an impedance, ap
proximately ZL, that is less than the crystal PI. In 
figure 1-121 (B), LT has been replaced by an 
equivalent negative capacitance, C0 • If Cpg can be 
considered negligible, X.' and Re' are equal to X. 
and R., the equivalent parameters of the crystal 
unit alone; otherwise, the values of X.' and Re' are 
based upon the assumption that the shunt capaci
tance, C0 , of the crystal has been increased by an 
amount equal to Cvg• In figure 1-121 (C), CP 
(= Cpc + C1) and Cn are shown combined into a 
single plate-to-cathode capacitance, C/. In figure 
1-121 (D), Cp' and Cg are represented by a single 
load capacitance, Cx'. If C11K is negligible, Cx' be
comes the equivalent load capacitance, Cx, into 
which the crystal unit operates, and it should be 
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Figure 1-121. Generalized Pierce oscillator. Xe' and Re' are the effective impedance parameters of the crystal 
unit based upon the assumption that C,, is a part of C0 • C,. is an equivalent negative capacitance having a 

positive reactan~e equal to that of LT. Ip is the r-f plate current of the vacuum tube. 
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equal to the value specified for the particular crys
tal. In any event (C~' + Cpg) is the load capaci
tance that the crystal unit faces, and which should 
be equal to the rated value, c.. The value of C1 

includes not only the tuning capacitance in the 
plate circuit, but also the distributed capacitance 
of the output leads as well as the effective input 
capacitance of the next tube. C11 is the input 
capacitance of the oscillator tube. The losses due 
to Rg, the effective grid-to-cathode resistance, and 
to Rt, the effective load resistance, have heen as
sumed to be negligible compared with those in the 
crystal unit. These assumptions can be made with
out appreciable error in a low-power Pierce cir
cuit that requires only a minimum of loading. 
From an inspection of figure 1-121 it can be seen 
that in order for a crystal unit to operate into its 
rated load capacitance, the design must be such 
that 

, Cp' Cg 
Cpg +CI+ C 

p g 

1-278 (1) 

Effect of Cn in Pierce Circuit 

1-279. C11" effectively increases both the reactance, 
x., and the resistance, R., of the crystal unit. This 
does not mean that the true effective x. and R. are 
changed, for these are fixed by the fact that X. 
must resonate with the rated load capacitance, c •. 
Still, insofar as the impedance from plate-to-grid 
is concerned, X. and R. effectively have increased 
values which make it appear that the crystal shunt 
capacitance is increased by an amount equal to 
c111• This effect is not desirable, since R. is effec
tively increased by a greater percentage than x •. 
(SeE! equations (1) and (2) in figure 1-98 for the 
effect on X. and R. if X. is held constant but Xe., 
is decreased.) Thus, the larger the value of Cp1, 

the smaller the Q of the feed-back arm becomes 
the more the tank circuit must be detuned, the 
greater must be the value of the negative capaci
tance, C0 , and hence the greater the frequency in
stability due to changes in the tube parameters. 
The plate-to-grid capacitance needs to be consid
ered only if a triode is used or if the crystal unit 
is oven-mounted. In the average triode CP., is on 
the order of 1.5 to 2.5 µ.p,f, sufficient to increase 
the effective value of C., by as much as 50 per cent 
in some cases. When the second grid of a tube is 
used as the oscillator anode, as in the case of penta
grid converters, Ci,11 is usually on the order of 1 p.p.f. 
The pin-to-pin capacitance introduced by ovens 
may be as high as 5 p.pJ. The CP, of screen-grid 
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tubes can all but be neglected, since the increase 
in capacitance across the crystal is only about one
thousandth of the total. Because of its negligible 
Cpa, a pentode is preferred when the frequency 
deviation must be kept to a minimum. In the re
maining discussion of the Pierce circuit, we shall 
assume that CP« is negligible, so that x: and R/ 
will represent the actual effective impedances of 
the crystal unit, and C.' will equal the rated capaci
tance, c •. Although we shall employ the unprimed 
symbols X. and R. to designate the plate-to-grid 
impedances, it should be remembered that this is 
only a convenience, for where X. is predetermined 
by the rated load capacitance and the frequency, 
X.' necessarily increases or decreases, respec
tively, with increases and decreases in Cvg• Simi
larly, C.' varies negatively with C11g, but we shall 
assume that it is a constant equal to C,,. 

Determination of the Effective NP_gative 
Capacitance, Cn, Introduced by Vacuum Tube 
in Pierce Circuit 

1-280. First, in order to avoid possible confusion, 
it should be pointed out that the selected reference 
or zero phase angle of the equivalent circuit in 
figure 1-119 is not the same as that implicitly as
sumed in the negative-resistance circuit of figure 
1-121 (A). In figure 1-119, the reference phase 
has been taken as the phase of E., whereas in fig
ure 1-121 (A) it is the phase of the current 
through the negative resista,1ce r·r (not Ip), which 
in turn is the same as the phase of the r-f plate 
voltage, E1,. Now, lp, in the negative-resistance 
circuit, is physically the same as the IP of the 
vacuum-tube generator circuit. The equivalent 
current through PT represents that component of Iv 
in phase with E1,-not that part of Ir in phase 
with -µEg. The current through the negative re
sistance is thus smaller in magnitude than the 
total r-f plate current. The imaginary current 
through Lr, or Cn, is equal and opposite to that 
component of Ip which is 90 degrees out of phase 
with EP. In the phasor chart in figure 1-119 ( C), 
the bottom line shows the phase relations that are 
approached in a Pierce circuit if RP of the tube 
approaches Zt in magnitude. Note particularly 
that EP and IP rotate in opposite directions. E1, 

must lag IP by an angle whose tangent is at least 

as great as x. !• Xcg ; that is, the tangent of the 
angle cannot be less than the reciprocal of the Qr 
of the feed-back arm. The minimum angle occurs 
when RP is very much greater than the load imped
ance Zt and the gridleak losses are negligible. On 
the other hand, the phase difference between Ep 
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and Ip cannot be greater than 90 degrees, for the 
simple reason that Ep is a counter emf produced 
by lp flowing through an equivalent impedance, 
ZL, which has no component of negative resistance. 
There is another limitation in that the rotation of 
Ip with respect to -µ.Eg cannot exceed 90 degrees 
minus the necessary rotation of EP with respect to 
-µ.Eg• Otherwise, the necessary rotation of EP 
cannot occur. As this extreme is approached, ZL 
approaches a pure reactance approximately equal 
to Xcp, IP approaches a 90-degree phase lead over 
Ep, and the apparent Q of the entire plate circuit 

With Respect to: 

Ep -µ.E. 

(approximately ZL/Rp) approaches the Q, of the 
feed-back circuit. These maximum and minimum 
phase angles are summarized in the following 
table. The phase angles are defined by the absolute 
values of their tangent expressed in terms of the 
phase Q of the feed-back arm, Qr. Also shown are 
the limiting Q's of ZL and (ZL + RP) ; which re
spectively determine the phases of Ip with respect 
to EP and -µ.E •. In the last column are shown the 
limiting values of Cn which are discussed in the 
following paragraph. 

Q of: 
Cn 

(Approx) 
ZL &p+ZL 

Angle of Ep at all times oo tan-I (1/Qr) -Cp ( Q~I +RP!&.) 

Minimum angle of Ip t.an- 1 (1/Q,) oo 

Maximum angle of Ip 90° tan-l(Qt) 

1-281. The approximate expressions given in the 
table above for the limiting values of Cn are de
rived upon the assumption that the unsigned phase 
angle between Ip and EP is given by the equation 

1-281 (1) 

where Xzt and Rzc are the absolute values of the 
equivalent series reactance and resistance whose 

vector sum is equal to Zt; ta:n-1 (JJ is the un

signed phase difference between EP and -µ.E., and 

tan- 1 
( RP ~RzL) is the unsigned phase difference 

in the opposite direction between IP and -p.E.,. 
From equation ( 1) it follows that 

1/Qr 0 -Cp/Q,S 

00 Q, - c~. 
Rp+R. 

On applying the general trigonometric equation 
for the tangent of the sum of two angles 

tan x+ _ tanx+tany 
( y) - 1 - tan x tan y 

Letting tan x = 1/Q, and tan y = R ~zit , equa-
P ZL 

tion (2) becomes 

_ RP + RzL + Qr Xz,, 
- Qf RP + Qi RzL - XzL 

1-281 (3) 

On rearranging, equation (3) can be expressed as 
an equation for RP: 

1-281 (2) 1-281 (4) 
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Figure 1-122. Generalized Pierce oscillator. XzL and 
X.,,. represent the positive magnitudes of tlte equiva
lent readances of ihe load and tlte dynamic effects 
of tlte tube, respectively. Pf' Is tlte same as tlte Pf' in 

figure 1-121 

Note that for oscillations to be maintained, Q,Xz,. 
must be greater than Rzw else R,. becomes nega
tive. Referring to figure 1-122, the effective ad
mittance of the ZL and Xcn branches in parallel is 

equal to R 
1 

·x + ·xl . From this expression 
z,.-J ZL J Cn 

it can be shown by straightforward manipulation 
that if the reactive component of the admittance is 
to be zero 

On substitution of equation ( 5) in equation ( 4) 
and rearranging 

1-281 (6) 

The values of Cn as listed at the end of paragraph 
1-280 are obtained· from equation (6) by substi
tuting the values of Q, and Rzt./Xz .. when these 
are expressed in terms of the basic circuit param
eters. In paragraph 1-289, it is shown that at 
equiJibrium: 

Xep + Xe, + X. + R. Xcp = 0 1-289 (3) 
RP 

The term, R,:cp, accounts for that part of the 
p 

negative capacitance which is necessary to com
pensate for the phase shift in Ip, but not for that 
part which compensates for the phase shift of Ep. 
For example, if RP were infinite, the phase shift 

of Ip, would be zero, and likewise the term, ~9R, 
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in equation 1-289 (3). Nevertheless, EP must still 

be rotated by an angle equal to tan-1
{ ~t). so that 

the tank cannot actually be parafiel-resonant. 
Some value must be assigned to the negative ca
pacitance, for the apparent resonance to hold in 
the generalized negative-resistance circuit. Now, 

Letting 

and 

ZL = Zp ZIT' 
Zp + Zpec 

Zpco = R. + j (:X.. + Xec) 

' = R. - j(Xcp + R.tcv) 

we can express Z1, as a complex function equal to 
Rz" - jXz .. , where Xz,. is still assumed to be un
signed. Thus, 

On multiplying both numerator and denominator 

( 
·x R) by R. + J R: • , we find that 

1-281 (7) 

and 

= I Xcv I [ Rs + * (Rp + R.) ] 

R. (1 + ~
2

) 

= I Xcp I (R. R,, + Xcp 2 
) 

R0 Rv 
1-281 (8) 

So 

Rz.. I Xcv IR/ 
Xz., . = R.R/ + Xe/ (Rv + R.;) 

IXcplRP = -------'-C--"-...-

ReRp + Xe/ 
1-281 (9) 

Also, when assuming that the grid losses are negligible, 

Q, == X. + Xc11 = I Xce I (Re + R.) 
R. R. Rp 

1-281 (10} 
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The expression on the right in equation (10) is 
obtained by substitution from equation 1-289(3). 
On substituting equations (9) and (10) in equa
tion (6), we have 

Xcn = 

I Xcp I [RP + Re RP2 ] 
Re - Re RP + Xcp 2 (1 + R./Rp} 

Xcn = I Xcp I 

[
RP Xcp2 (l+R./Rp) + Re2Rp-1,.R.Xc/ (l+R./Rp)] 

R. 2 Rp + ReXcp 2 {1 + R./Rp) 
1-281 (11) 

Equation (11) is obtained by using the exact 
values of RzL/XzL and Qr as given by equations (9) 
and (10). Although the equation for Xcn involves 
the difference between two nearly equal terms, the 
error introduced by using the approximate values 
of Qr and RzL/XzL is negligible for all practical 
purposes as long as RP > > Re. 

Now, 

1 
wXcn 

so, on substitution of equation (11), 

C0 = - Cr 

[ 
R 0

2 Rp + R. Xe/ (1 + R./R") ] 
RpXc/ (l+Re/R") + R.2Rp + R 0Xc/ (l+R./Rp) 

1-281 (12) 

In the practical case, RP is much greater than Re 
and XL'l>s is much greater than R,1, so that the ap
proximate equation for Cn becomes 

1-281 (18) 

The last term on the right inside the parentheses 

is obtained by assuming that X0p ~r!/R. 1 is more 

nearly equal to R ~R. than to 1. We make this 
assumption arbitr"arily for the convenience in re
membering the limiting values of C0 • That part 
of Cn which is necessary so as to compensate for 
the phase shift of EP with respect to -~1 is ap
proximately equal to -Cp/Qr1 ; whereas the part 
necessary to compensate for the phase shift of Ip 
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with respect to -,..E, is approximately equal to 

R~~~:. It is this latter component that is ac

counted for by the term, XifR., in equation 1-289 

(3). By equation (12), when RP/ZL approaches 
infinity, the limiting value of c. is found to be 

1-281 (14) 

When RP/ZL approaches its smallest possible 
value, the ratio RzL/XzL becomes negligible com
pared with Qr, so that Xe .. by equation (6) is ap
proximately equal to QtRp. Substituting equation 

(10) for Qr, we have, when ( Xzt _ Q,) 
RP+ RzL 

-1 -1 
C =--=--

" wXc,. wQ,Rp 

Re 

1-281 (15) 

As indicated in figure 1-121, the total effective 
plate capacitance is 

C/ = Cp + C., = Cp ( 1 - ~ 2 - RP~ R.) 

1-281 (16) 

When RP > > Zt, the Q of Zt approaches 1/Qr in 
value and 

1-281 (17) 

When RP is sman compared with Xcp1 /Re, then 
RzL/XzL becomes small compared with Qr and 

1-281 (18) 

RP is normally much greater than R.. Only low
frequency crystals have effective resistanet,S 
which approach in value the plate resistances of 
low-power vacuum tubes. For all practical pur
poses in the average Pierce circuit, C.,' can be as
sumed to equal Cp, the static plate capacitance, 
except when considering problems of frequency 
stability. What is important to note in the limiting 
equations for C0 is the fact that if the tank is to 



be operated well off resonance, RP becomes quite 
an important factor in determining the.frequency. 
In this case, because Cn is relatively large, any 
variation in the tube R,, has a great effect upon 
the frequency. It should be remembered that the 
parameter Q, has been used to account for the re
quired rotation of E~ with respect to -;.c,E,. Inso
far as the gridleak is effective in increasing the 

X ...1_ Xe 
necessary phase shift, Q1 = • R. 11 cannot be 

assumed, and the complete equation 1-272 (1) 
must be used. 
THE EFFECT OF Rp UPON THE 
FREQUENCY OF PIERCE CIRCUIT 
1-282. It can be seen that for large values of the 
R,./ZL ratio, C. is smaJl and its percentage varia
tion with changes in RP is smaller still. C0 is, effec
tively, a frequency-determining parameter, but 
more exactly it is a mathematical function that in
directly expresses the effect of RP and Qr upon the 
frequency. The smaller the Q1 and R.,, the larger 
is C0 ; and the larger c., the greater is the effect 
of RP. Since R1, is subject to change with changes 
in the tube voltages, tube aging, and the like, it is 
important to keep C0 as small as possible. This can 
be done by designing the circuit to operate with 
as high of value of tube RP as is practicable. For a 
given tube, the higher values of an effective RP are 
to be obtained when the tube is conducting during 
only a small fraction of a cycle. This in turn re
quires that the oscillator tube be operated class C, 
so that a larger grid bias than otherwise is re
quired. However, if the crystal drive level is to be 
kept low and if the gr!dleak is to have a negligible 
effect on the effective Q1, and hence upon Cn, the 
gridleak resistance must be as large as practicable 
without running the risk that the tube will block 
or operate intermittently. The limiting value of RP 
occurs when -p,Ejl( is just sufficient to maintain 
oscillations. If the vacuum tube could operate into 
a pure resistance, 11, would be in phase with -;.c,E,, 
and R1, would be eliminated as a frequency-deter
mining element. In the conventional Pierce circuit 
this could occur only if Q, were infinite. 
Phase-Stabilized Pierce Circuit 
1-283. If an inductor ia inserted in the plate cir-
cuit of the oscillator, as indicated in figure 1-123, 
having a reactance equal and opposite to the effec
tive reactance Xz,., then II' undergoes no phase 
rotation, and changes in R11, although affecting the 
activity, will have little effect upon the frequency. 
With I11 in phase with -p,E,, the Q of ZL must equal 
1/Q,, and the operation of the tank is the same as 
it would be if RP were infinite. If Qr is reasonably 
large and is approximately equal to IXc.,/Rel, 

RzL = ZL = Xe/ /Re = I Xcp IQ, 
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Rz._ 

Figure I• J 23. Coil inserted in plate circuit of Pierce 
oscillator to prevent phase of '" from being influenced · 

by changes in R,, 

Since 
XzL/ Rz,. = 1/Q, 

XzL is approximately equal in magnitude to Xcp• 
Thus, for the vacuum tube to look into a resistive 
load, the inductor should have a reactance approxi
mately equal in magnitude to X.,1,. This value as
sumes that the gridleak and output losses are 
negligible. When such assumptions cannot be 
made, the value of the series plate reactance be
comes a more involved function. Llewellyn ana
lyzed this type of circuit and eliminated R" from 
the frequency-determining equation ( phase rota
tion equation) by equating the sum of the factors 
of R. to zero. Although the approach is different 
and the grid losses are assumed to be predominant, 
Llewellyn's mathematical elimination of the ef
fects of Rn upon the frequency by the introduction 
of a plate inductor in series with the tank appc>ars 
to be equivalent to the qualitative condition that I,, 
must be held in phase with -µE,. The experi
menter, nevertheless, should be warned that the 
theory of this type of stabilization has been ana
lyzed above, and also by Llewellyn, only in terms 
of the phase relations. Difficulty will probably be 
experienced in obtaining stable oscillations with
out additional modifications to ensure that the 
limiting· characteristics are changed from a 
voltage- to a current-controlled nature. This fea
ture of oscillator theory has not been fully ex
plored, but see paragraphs 1-585 to 1-598 for a 
general discussion, and paragraph 1-323 for a 
particular example of an attempt, which was not 
entirely successfu 1, to . phase-stabilize a Pierce 
circuit. 
Conditions for Maximum RP in Pierce Circuit 
1-284. Referring to figures 1-119 (A) and (B), we 
shall begin with the assumption that the tank is 

z2 
operating near resonance so that ZL::::s If:- , where 

R. (not shown) is the effective resistance of the 
crystal unit whose total impedance is represented 
by Zv~• ZL, therefore, is very nearly resistive, and 
I,, is approximately equal in magnitude to the cur
rent through Zp. 

Th us, lg i::::: E,/Zp 
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also, E, = Ill Zc = Ep zll 
Zp 

Rearranging, Ep/E11 = Zp = C,if Cp z,. 
In the interest of maxium stability it is desirable 
for R1, to be a maximum. The problem is to find 
what capacitance ratio, c.;c1., permits the largest 
possible value of RP consistent with the rated drive 
level and load capacitance of the crystal unit. The 
phase-rotation equations do not enter the problem 
-only those equations that concern the magnitude 
of the equilibrium voltages and currents are of 
concern now. The crystal specifications indirectly 
set an upper limit for the tank current, I •. Thus, 
the output voltage, E1, = Ia Zp, also has an upper 
limit, since Z1, (= Z"11 z.) has a theoretical maxi-

mum equal to ,,.z. = ,,.+Zr,l = ..&+ 1, which is ap-,.. ,.. . 

proached as R1, approaches zero. At the other ideal 
extreme, Z,, and ZL approach zero and the Rp/ZL 
ratio becomes very large. Now, a large Rp/ZL is 
desired, but some compromise must be made, since 
the Q of the feed-back circuit becomes increasingly 
small as Zg approaches Z1,g in magnitude. A rigor
ous treatment of the problem to find that relation 
between R1./ZL and Qr that provides an optimum 
frequency stability would require that a complete 
equation of frequency stability be established and 
that those impedance relations be determined that 
produce a minimum frequency deviation for small 
changes in the circuit parameters. Equation (2) in 
paragraph 1-288, which is a first order expression 
for the fractional change in frequency for a change 
in R1,, indicates that the percentage deviation in
creases directly with the first power of Cp, and 
inversely with the second power of RP. This sug
gests that the stability increases as long as CP/RP1 

decreases with an increase in Cp, and is a maxi
mum at the vall!e of Cr, if existent, at which this 
ratio begins to increase. Such an approach will not 
be attempted here. Unless all the characteristic 
curves of a vacuum tube are available, so that 
either µ,, Rv, or gm can be used as an independent 
variable to eliminate the other two from the equa
tions, concrete conclusions cannot be reached con
cerning the optimum design of an oscillator using 
that particular tube. A more qu.1:,litative analysis 
is presented below, and although the indicated 
optimum relations cannot be considered conclusive, 
they can serve as first approximations. All imped
ance, current, and voltage symbols given below are 
considered positive and undirected. 

Now, EP = Ip ZL 
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= __ µE_pZ_ ........ _ 
Zp(Rp + ZL) 

So E.. = µEpZ,ZL 
Zp(Rp + ZL) 

or µ.Z,ZL - RpZp = ZpZL 

On substituting (R~1n) for ,.., where g., is the 
transconductance of the tµbe, 

RpgmZaZL - RpZp = zpzL 

or Rp = ZpZL 1-284 (1) 
gmZ1ZL - Zp 

Dividing both sides by ZL, we have 

Our present concern is to seek the largest practical 
value of Rp/ZL, so that the phase of IP will be least 
affected by small changes in Rv, Now, Z11 =Zps-Zp, 
where Z1,. represents the predetermined crystal 
impedance, which is approximately equal to X.. 
Also, ZL"""' Zp1/Re• On substitution of these values 
in the equation for Rv/ZL, it is found that 

Rp = ___ R __ • __ = _____ R_•--,...--,,..--
ZL gmZpZII - R. gm (Zp.zp - Zp 2) - R. 

1-284 (2) 

It can be seen from equation (2) that for oscilla
tions to be maintained gm (Z111rZP - Z1,

1 ) must be 
greater than R •. A maximum Rp/ZL ratio is 1 

approached as the product gm (ZPC ZP - Zp1
) ap

proaches the value of Re. Of course, it is impossible 
for the denominator in equation (2) to be actually 
equal to zero, for then RP would be infinite; but it 
is plausible to assume that a denominator much 
smaller than the value of R. can be realized. Thus, 
we can write 

(optimum) gm R. R. 
= -Z-p,-cZp:------,,Zp,...2~ = Zpz. 

1-284 (3) 

The more nearly this equality is approached, the 
greater will be the frequency stability. The ques
tion arises, is it preferable to seek this equality 
with a small or a large value of gm? Assuming that 



(Rp/ZL) > > 1, the equation, r .. = Rpl':!•zL• can be 
written approximately IP = ,.E11/RP = gmE11, or 
g,.. = Ip/E,. A large gm means a large r-f plate 
current for a given excitation voltage. This would 
be desirable from the point of view ·of maximum 
output,· but an examination of the denominator in 
equation (3) shows that a large transconductance 
means that the plate impedance, Zp, or the grid 
impedance, z,, must be made small if the equation 
is to hold. A small Zs (large Z") means a large 
Zt and also a large E1./E, ratio. Both consequences 
are incompatible with a large Rp/ZL ratio. The 
former is obviously so, and the latter is implicitly 

so because the ratio of Ei,/E, times Rp it, Zt 

(:: 11::,) must equal ,,.. Every increase in Ep/Es 

dterefo're requires an approximately proportional 
decrease in the R.,/Zt ratio, insofar as ,. can be 
assumed to remain constant. On the other hand, 
a large Z,:·and small Z" permits a large Rp/Zt ratio 
and has the additional advantage of permitting a 
given excitation voltage with a minimum crystal 
current. It is under these conditions that equation 
(3) will be most nearly exact. There are serious 
disadvantages, however, when operating at a max
imum Rp/Zt ratio; tha most important of which 
is that the Q of the feed-back circuit rapidly de-

z . . ----~ . Q z. - z, Al creases as s 1s mer~, smce r ,_ R. . so, 

the voltage output is weak, and has a tendency to 
instability. This will be discussed more fully later. 
Since the excitation voltage is stronger for a given 
crystal current, the grid losses increase propor
tionately and may no longer be negligible. Fur
thermore, unless the tube is operated class C, the 
power efficiency is very low. These last mentioned 
disadvantages, nevertheless, are minor compared 
with the effect on Qr. The minimum effective Q of 
the average crystal unit when operating into its 
rated load capacitance is not unduly large. A grid
to-cathode reactance equal in magnitude to three
fourths Xe reduces Qr to one-fourth ~- Since the 
purpose of a large Rp/Zt ratio is to permit the 
entire plate-circuit impedance (Rr + Zt) to ap
pear as nearly resistive as possible, the better 
stability risk is to operate the parallel-resonant 
oscillator with small rather than large Ip and gm. 
Since we are assuming that gm ~ 111/E,, it can be 
seen that the smaller the value of g,... the smaller 
is the r-f plate current for a given excitation volt
age. or. for a given plate current, the smaller the 
value of g,.,. the greater the excitation voltage. The 
problem becomes one of determining what capaci
tance ratio. c.;cp, permits the smallest possible 
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gm, By equation (3), gm is a minimum when the 
denominator of the right-hand term is a maxi
mum. Since the impedance of the crystal unit, Z.,., 
is to be held constant. (Z1, + Z,) is also a constant. 
Thus, the product Z,.Za can easily be shown to be 
a maximum when 

1-284 (4) 

A maximum operating R" and a minimum 111 with 
a given excitation voltage can thus be obtained 
when the capacitance and voltage ratios are 

It is quite fortunate that gm has a minimum value. 
At aU other operating values a smaIJ change in 

the ~ ratio causes gm and R1., and hence the fre-
P • f quency, to change. At the minimum &'m the rate o 

change in the tube parameters is necessarily zero, 
so that the stability in this respect is a maximum. 
When the more exact equation 1-289 (2) is used 
instead of equation (1) above, and when ,-/Rp is 
substituted for gm, it can be shown that 

R.p = Xc11 Xe + Xcp Xe, + µXcp Xc11 

Re 
1-284 (5) 

Note that R1,. as long as,. is constant, is inversely 
proportional to Re• Now, approximately 

Substituting in equation (5), RP becomes a func
tion of X., R., ,., and Xe.,. Assuming that the first 
three parameters are constant, it can be shown 
that RP is a maximum when 

X = _ X. (µ + 2) = _ Xe ( l + _1 _) 
c, 2 (µ + 1) 2 ,.,.+ 1 

1-284 (6) 

If (µ. + 1) > > 1, equation (6) states approxi
mately the same conditions as does equation (4). 
If ,. is small, equation ( 6) should be accepted as 
the more accurate in computing the optimum 
C,/Cp ratio, since a minimum gm coincides with a 
maximum RP if the d-c plate voltage is kept con
stant. The capacitance ratio and valuea corres
ponding to equation (6) are 

1-284 (7) 
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or 

C = 2C, (µ + 1) 
g (µ + 2) 

1-284 (8) 

and 

2c. (µ + 1) 
1-284 (9) 

µ 

Under these conditions the excitation voltage 'be
comes greater than the voltage across the plate 

load by a factor of ,. + 2 , and the following addi-,. 
tional relations hold : 

(max) RP = (µ + 1) ZL 1-284 (10) 

(min) gm 
1 1 
ZL - RP 

1-284 (11) 

As a practical consideration in design as well as 
for the sake of simplicity in discussion it is con
venient to assume that the optimum C,/Cp ratio is 

equal to one rather than *2· However, in inter

preting the equations above, a word of caution is 
necessary. Returning to equation (2), it will be 
seen that the maximum to be sought for R"/ZL is a 
"practical," not a "mathematical" maximum in the 
sense that a curve of R,JZL rises to a peak and then 
decreases. The curve of equation (2) plotted against 
Zi; passes from positive to negative infinity as the 
denominator passes through ·zero and thus is dis
continuous at that point. However, for any given 
value of gm sufficiently large for Rp/Z1, to be posi
tive, the curve does have a true minimum, not a 
maximum, at the point where Z~11 is a maximum. 
To avoid confusion as a result of this apparent 
contradiction, it is important to recall that the 
"practical" maximum is to be sought by making 
equation (3) as nearly true as possible, and not 
by the process of making ZP = Zg. This latter con
sideration is in the interest of over-all stability 
and maximum activity (if measured by the d-c 
grid current) for a given d-c plate voltage and 
load capacitance. Another point that should be well 
understood is that the minimum gn., minimum µ,, 
and maximum Rp, are all coincidental. From the 
point of view of frequency stability the real in
terest is in the maximum RP. From equation (10) 
it can be seen that the magnitude of the maximum 
RP will increase with ,,. ; but remember that this 
value of ,. is the minimum obtainable with a given 
tube and Eb. As will be discussed more thoroughly 
in paragraphs 1-294 and 1-295, an oscillator vac
uum tube cannot be operated so that p. is the maxi-
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mum possible without the risk of amplitude 
instability. Thus, class-A operation where the tube 
is operated only along the straight portion of the 
E,Ib curve is not feasible in gridleak oscillators. 
Understand that if equation (7) holds, equations 
(10) and (11) automatically hold.,. in each equa
tion is the effective ,,. when equilibrium is reached 
and is not the starting ,,.. It is the minimum µ, that 
can be obtained as long as the crystal resistance, 
R., and the total load capacitance, c., remain con
stant. Because R11, gm, and ,,. all pass through ex
tremes at the optimum capacitance ratio, it might 
be thought that the operating conditions are more 
ideally unique than they actually are, because the 
instantaneous rate of change for all the tube 
parameters with the capacitance ratio is zero 
under these conditions. Remember, however, that 
these maximum and minimum values apply only 
in the event that the total C. remains constant. An 
independent variation in Cg or CP will cause the 
frequency to change, and the tube parameters will 
vary. For instance, gm will tend to vary directly 
with both C11 or C1,. Only when C11 and Cp are 
adjusted simultaneously so as always to maintain 
the same total load capacitance will the instanta
neous changes in the tube parameters be zero as 
the capacitance ratio is varied through its opti
mum value. 

1-285. If equation 1-284 (3) is expressed as a 
function of Z1, .. , by substituting from equation 
1-284 (4), the minimum value of gm becomes, 
approximately, · 

(min) gm 1-285 (1) 

Since z .. ,. is the crystal impedance, appro~imately 
equal to x., the minimum value of gm can be ex
pressed as 

. 4 
(mm) gm= PI 1-286 (2) 

where PI is the performance index. Using a one
to-one capacitance ratio and a vacuum tube of high 
R1., equilibrium will be reached at the value of gm 
defined in equation (2). Such operation generally 
provides the maximum frequency stability in a 
Pierce oscillator. In estimating the value of PI,· 
X, is numerically equal to the reactance of the 
rated load capacitance, and R. must be assumed 
to be the maximum permissible effective resistance 
according to the military specifications of the 
crystal unit being used. 



CAPACITANCE RATIO, C,/C,, FOR GREATER 
OUTPUT IN PIERCE CIRCUIT 

1-286. Where a maximum output consistent with 
the minimum frequency-stability requirements is 
desired in a Pierce osci1lator, the C,/Cp ratio can 
be increased and a vacuum tube providing a large 
transconductance and a large amplification factor 
should be used. The first consideration is that lg 
must not exceed a value that would cause the 
power dissipation in the crystal unit to exceed the 
specified drive level. If the output of the osci1lator 
is capacitively coupled to the grid of a buffer ampli
fier, the output power becomes a minor consider
ation compared with the output voltage. If this 
voltage is to be a maximum for a given tank cur
rent, the plate impedance z,, must be a maximum. 
This means that the capacitance ratio, C,/C1,, must 
be as large as practicable. The larger this ratio, 
however, the smaller will be the excitation voltage 
for a given Ii. The smaller the excitation voltage, 
the smaller will be the gridleak bias, and conse
quently Rr will be less whereas gm and ,,. will be 
greater. An examination of equation 1-284 (3) 
reveals that the required magnitude of gm becomes 
very large as Z., approaches the value of Z11g of the 
crystal unit. Where a relatively large frequency 
deviation can be tolerated a large RP may not be 
necessary, so that increased voltage outputs can be 
obtained with tubes of high transconductance at 
low d-c plate voltages. In any event the Cg/Cp 
ratio can never exceed the amplification factor of 
the tube, nor can the r-f plate voltage be greater 
than, nor equal to, the voltage across the crystal 
unit. It should be understood that the higher volt
age outputs are only to be had with a large C,/Cp 
ratio because of the limitations on the crystal drive 
level and the load capacitance, c·u and are not due 
to the fact that the Pierce or Colpitts type of cir
cuit is inherently more active when the C"/Cp ratio 
is a maximum. To the contrary, with a fixed 
Cu maximum amplitude of oscillations is to be 
obtained when C1, = Ci: = 2C,. Where a larger 
than minimum power rather than voltage output 
is required, this can probably best be achieved 
when c.;cl' lies between 1 and 2, and in this case 
a larger gm is necessary to maintain oscillations. 
When a relatively large power output is required, 
the Pierce circuit should not be used. 

HOW TO ESTIMATE THE FREQUENCY 
VARIATION AND STABILITY OF A 
PIERCE OSCILLATOR 

1-287. In paragraph 1-243 it was shown that the 
frequency-stability coefficient, Fxe, of the crystal 
unit is defined as the percentage change in x. per 
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percentage change in frequency. By equation 

1-243 (1), Fx. = ~Cc:. The reciprocal, l/Fxe1 is 

thus equal to the percentage change in frequency 
per percentage change in reactance. Since X. is 
equal numerically to the reactance of the total load 
capacitance C., the fractional change in the load 
reactance multiplied by 1/Fx. will give the frac
tional change in frequency. Thus, 

df dw 1 dXx _ _.!:_ . dC,. 
f = :;- = F Xe . X, = F Xe Cx 

1-287 (1) 

In the Pierce circuit, if it can be assumed that the 
interelectrode plate-to-grid capacitance and the 
grid and output losses are negligible, C. will equal 

C~,,~C~~ where Cp' = Cp + C,.. (See figure 1-121 

(C) .) If it is desired to find the fractional change 
in frequency for a small change in, say Cp', 
equation (1) can be used by expressing dC. as a 

function of dC .. ', thus: dC. dC ' • dC, 
• • P dCp' 

With 

then 

and 

dC, 
c. 

C~dCp' 

On substituting in equation (1): 

df 
f 

Likewise, 

dff = __ l_ . C. . dC 
Fx. C,.2 

' 

In the event that Cp' = C, = 2C,, 
Equations (2) and (3) become 

df _ dC.,' 
f = 4 Fx. 

C, dC' 
(Cp')2. ., 

1-287 (2) 

1-287 (8) 

1-287 (4) 
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and 

df - dCg 
T = 4 Fx. 1-287 (5) 

1-288. When a more detailed expression of the fre
quency deviation is desired Cp' can be replaced by 
( Cl' + Cn), and Cn, in turn, can be expressed as a 
function of its variables. A rigorous analysis of 
the effect of each parameter upon the frequency 
would be quite involved. Probably the simplest ap
proach for determining the frequency deviation 
due to a change in some particular circuit param
eter would be to begin with an appropriate 
equation in paragraph 1-287, and express the 
differential element as a function of the differential 
of the particular circuit parameter. This is the 
method that was used when dC, in equation 1-287 
(1) was expressed as a function of dCp' and of dCg 
in equations 1-287 (2) and 1-287 (3), respective
ly. As an additional example, suppose;that it is de
sired to determine approximately the frequency 
deviation due to a change in RP of the vacuum tube. 
Let it be assumed that C.- = 2C,. The most appro
priate equation to begin with is 1-287 (4), since 
dC1,' can be expressed as a function of dRr,. The 
problem is to determine the function that gives 
the change in Ci/ due to an infinitesimally small 
change in R1,, and to substitute that function for 

dCv' in equation 1-287(4). Since dCp' =~·dR,,, 

the first step is to determine dCp' /dRr,, and then 
simply to multiply this by dRP. Now, by equation 
1-281 (16), 

so 

or 

dCp' CpRe . dRp 
(Rp + R.)2 

1-288 (l} 

Substituting this function for dCp' in equation 
1-287 (4): 

df 
-= -
f 

Cp R. dRp 
4(Rp + R.i' . Fx. 

1-288 (2) 

Note than an increase in R1, causes a decrease in 
the frequency. It should be well understood that 
the equations above are only rough approxima
tions. For example, one of the approximations in 
equation (2) is the assumption that Rp and R., 
are independent variables, which, of course, is not 
true. However, the direct effect of a change in Rp 
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upon the frequency can be considered much greater 
than the indirect effect due to a change in Re re
sulting from the initial change in frequency. The 
differential element, dRp, in equation (2) can, in 
turn, be expressed as a function of an infinitesimal 
change, dEb, in the d-c plate voltage. The general 

equation for this function is dR., = ~:: • dEb. How
ever, the derivative term, dR"/dEb, will be quite 
difficult to determine, except by experiment, since 
it depends upon both the tube and circuit char
acteristics at the operating voltages. For its 
mathematical expression the principal consider
ations would be the change in RP with a change 
in Eb, assuming a constant grid bias, the change in 
grid bias due to the change in plate voltage, and 
the change in RP due to a change in grid bias, as
suming a constant plate voltage. In using the 
equations above it is only necessary to substitute 
small finite changes in the independent variable 
for its differential. For example, if the input ca
pacitance were to decrease an amount .1C11 = lp.p.f, 
the fractional change in frequency would be given 
approximately by equation 1-287 (8) if we were 
to substitute -1,,.,,.f for dC11• 

ENERGY AND FREQUENCY EQUATIONS OF 
PIERCE CIRCUIT AS COMPLEX FUNCTIONS 
OF LINEAR PARAMETERS 

1-289. It is beyond the scope of this handbook to 
present the more rigorous analyses of the various 
oscillator circuits. These can be obtained from the 
various reference sources listed in the index. 
Actually, even when following the more explicit 
equations, so many approximations must be made 
for the sake of simplicity, and so many unknowns 
are involved, such as stray circuit capacitance, 
that the final solutions can rarely be considered 
more than general indices of the actual circuit con
ditions. If maximum mathematical exactitude is 
desired in determining the frequency and activity 
characteristics of an oscillator, the analysis should 
be performed by differential equations assuming 
nonlinear parameters. Such equations are quite 
involved and are rather difficult to interpret qual
itatively. If a moderately rigorous analysis is de
sired, the equivalent circuit in figure 1-119 (B) 
may be assumed to have linear parameters, as has 
been assumed in our previous discussion, but in
stead of handling the impedances as real numbers, 
to represent them by complex functions. For the 
Pierce circuit 

Z" = jXcp 
Za: = jXc, 
ZPI = R. + j:X., 



An equation expressing the conditions for oscilla
tion is derived very similarly to the method fol
lowed in paragraph 1-284, except that I, is 
expressed by the exact equation 

I = Ep 
• ~ + z, 

rather than by the simplifying equation 

For either the Pierce or Miller circuit, the condi
tions for stable oscilJation are expressed by the 
equation 

- Rp = Zp (ZP« + Zll) 
gmZpz.+z. 

1-289 (1) 

where z. = Zp + ZPll + Z.,. Equation (1) is similar 
to equation 1-284 (1) except that in the derivation 
of equation (1) l 11 is expressed by its exact func
tion and the impedancl'.lS represent complex quan
tities. When the impedances are expressed as 
complex functions, the right-hand side of equation 
( 1) can be reduced to the sum of a real quantity 
and an imaginary quantity, each with the dimen
sions of impedance. 

Thus, R1, = R + jX 

However, since R,, is not, itself, reactive, the 
imaginary term, jX, must equal zero, and the real 
term, R, must equal R,,. In this manner two equa
tions, X = 0 and R = R1., involving the same 
variables are obtained, both of which must hold 
if stable oscillations are to be maintained. A mini
mum of two equations is necessary, since there are 
two independent functions to perform. One func
tion is to fix the frequency so that the excitation 
voltage is properly phased, and the other function 
is to ensure that the feed-back energy per cycle is 
exactly equal to its dissipation per cycle. If both 
sides of equation (1) are divided by R.,, the right
hand side again reduces to the sum of real and 
imaginary parts. The real part must be equal to 
1, and the imaginary part must again be zero. It 
can be shown that the real part becomes, after 
multiplying through by Rr: 

1-289 {2) 

This equation, rather than equation (1) is the real 
equivalent of equation 1-284 (1) and serves the 
same purpose in that it defines the conditions 
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necessary for the feed-back energy to be sufficient 
and stable-in other words, for the loop gain to 
equal unity. The equation for the imaginary part 
when made equal to zero can be expressed as: 

Xcp + Xe, + Xe + R•:Cp = O 
p 

l--,-289 (3) 

When this equation holds, the loop phase shift is 
zero. Whereas equation (2) is said to define the 
feed-back energy requirements, equation (S) is 
said to define the frequency requirements, Note 

that in equation (3), the term R. ;er is equivalent 
p 

to the reactance of a dynamic capacitance 

1-289 (4) 

which can be imagined to be in series with CP. The 
capacitance of the combination becomes 

1-289 (5) 

which is exactly the same as the sma11-R., value 
of Ci/ in equation 1-281 ( 18). Cd is thus a positive 
series dynamic capacitance equivalent to part of 
the negative parallel dynamic capacitance C.,. 
Equation (3) indicates that as RP increases in
definitely Xc11 + Xe, + X. - 0. This is not' to be 
interpreted as meaning that the tank circuit ap
proaches a parallel-resonant state as a limit or 
that the total dynamic capacitance approaches 
zero. Actually, even if the sum of the first three 
reactances did equal zero, the tank would not be 
at resonance because of the presence of R. in the 
feed-back arm, and a dynamic capacitance would 
need to be effectively present. What equation (3) 
does show is that, as R1, increases indefinitely, the 
frequency becomes entirely determined by the 
tank-circuit parameters. In the limit, Xc1r + x. = 
-Xe,,• As this state is approached, the impedance 
of the feed-back arm can be represented as 

Z_, = Re + jXp.., = R. - jXcp 

The impedance of the tank circuit is 

ZL = Zpgc Zp = 
Zp,c + Zp 

_Xe/+ ·x --- J Cp 
R. 

(R. - jXcp) jXcp 
Re - jXcp + jXcp 

The real component, Xc//R., is equivalent to Rz.,, 
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and the imaginary component, jX0p, is equivalent 
to X,:,,. Thus, the tank circuit does not appear as a 
pure resistance in the limit, but approaches an 
effective 

This is the same effective Q as was determined 
qualitatively from the viewpoint of phase angles. 
The term R.Xc,./Rp in equation (3) is therefore 
not to be interpreted rigorously as the total dy
namic reactance, but as that part of the dynamic 
reactance that is a function of the tube param
eters. At all times, the total l~d reactance across 
the crystal terminals is Xx= -1/wC, =Xe,+ Xe/ 
which is always slightly greater than (Xe,+ Xop). 

CAPACITIVE ELEMENTS IN DESIGN OF 
PIERCE OSCILLATOR 

1-290. It was declared that equation 1-289 (3) 
defined the frequency requirements of a Pierce 
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oscillator. Since the frequency and the value of 
X. and X, are effectively predetermined constants, 
the primary problem involved in the solution of 
equation 1-289 (3) lies in determining the values 
of the lumped capacitances that must be inserted 
in the circuit to provide the correct value of C,. 
In the average Pierce circuit the dynamic capa
citance can be considered negligible when com
pared with the total load capacitance, so. that C, 
can be assumed to equal q, and Cg in series to a 
first approximation. With Cp and elf decided upon, 
approximate values of gm can be had by equating 
the denominator of equation 1-289 (2) to zero 
and solving for the transconductance. The maxi
mum and minimum equilibrium values of gm coin
cide with the maximum and minimum expected 
values of R., respectively. Next, assuming that 
gm ~ Iv/Eg, and that Ell' = IirXcll'1 where I, is the 
crystal current, a vacuum-tube and plate voltage 
are chosen which will provide a maximum Rp, but 
which will not cause a crystal unit of any expected 
R. to be overdriven. To determine the lumped ca
pacitances that must be added to provide the cor
rect values of CP and C,, it is first necessary to 
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Figure 1-124. {A) Conventional Pierce oscillator and l>uffer-amplilier circuit. {BJ Static capacitances of drc:uit 
(A}. Cu = inferelectrode capacitances. C,. = distributed capacitances of wires 
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know the values of the stray static capacitances 
in the circuit. These stray elements effectively 
create a lower limit to the capacitance across the 
crystal unit. Obviously, they must not be allowed 
to exceed the total specified load capacitance. Pref
erably, they should be as small as possible and not 
be so distributed that an optimum capacitance 
ratio, C1/Cp, cannot be achieved. The static capaci
tances to be considered in a conventional Pierce 
oscillator are illustrnted in figure 1-124. Before the 
optimum values of C, and C3 can be determined, an 
experimental circuit should be constructed with the 
various leads and circuit components reasonable 
facsimiles of those intended in the final production 
models. With C, and c. omitted, the static ca
pacitances between plate and grid, plate and cath
ode, and grid and cathode can be measured. C1 

and C, can then be computed to provide the total 
required load capacitance. 
1-291. In the early days of crystal oscillators, and 
even today where the oscillator is not required- to 
meet a frequency tolerance Jess the 0.02 percent, 
the choice of grid and plate circuit capacitances 
was largely a matter of trial and error. Usually, 
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llflure 1-125. Variation of activity and frequency in 
Pierce oaclllator as plate-cl,c:ult c:apadtance is 

increased 
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the final choice was based upon the combination 
that provided the maximum activity for a given 
d-c plate voltage. For example, if the grid-to
<',athode capacitance, C,,, of a Pierce oscillator is 
held constant while the plate load capacitance is 
varied from a minimum to a maximum, an activity 
curve, as measured by the gridleak current, is 
obtained similar to the one illustrated in figure 
1-125 (A). Formerly, it was not unusual for the 
optimum capacitance to be considered a value 
slightly greater than that at which the activity is 
a maximum. In military equipment the principal 
consideration now is to ensure a given total load 
capacitance. As shown in figure 1-125 (B), in
creasing the plate-circuit capacitance causes the 
frequency to decrease. As the frequency decreases, 
so does Xe of the crystal unit, and at only one point 
along the curve will the crystal unit be operating 
into its rated capacitance. As stated previously, 
the circuit must provide the specified capacitance 
if there is to be an assurance that the required fre
quency tolerance is met when one crystal unit is 
replaced by another of the same type and nominal 
frequency. In an exceptional case, the most im
portant consideration may be to maintain a fixed 
frequency relative to some frequency standard. 
For this purpose small variations in the load ca
pacitance that can be made manually should be 
possible, but care should be taken that an operator 
is not to be able to vary the total more than is just 
sufficient to allow for a frequency variation equal 
to the bandwidth of the tolerance range. Other
wise, there can be a risk of overdriving a crystal 
unit, or of continuing in operation a defective crys
tal or other circuit component that should be re
placed before a complete breakdown is threatened. 

Measurement of Stray Capacitances 
In Pierce Circuit 

1-292. In order to measure the stray static ca
pacitances in a circuit such as that shown in figure 
1-124, the lumped grid and plate capacitances, C1 

and C., as well as the crystal, should first be re
moved. The remaining elements can be assumed to 
form a three-element network as shown in figure 
1-126. If an r-f choke is connected in the circuit, 
the frequency of the Q meter should be approxi
mately the operating frequency of the osciHator. 
The measurements are made with all vacuum-tube 
voltages off. The three capacitances in figure 1-126 
represent three independent variables, so that a 
minimum of three measurements is required to 
determine their values. A fourth measurement is 
desirable as a check on the accuracy of the first 
three. Any combination of measurements can be 
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17\ Coe Cpc 
\J./ CpG •Cpg + Cgc+cpc 

© CGc •C9c + Cpo Cpc 
Cpg +Cpc 

Cpc 

Figure 1-126. Equivalent networlc formed by tlte stray 
static capacitances of a vacuum-tube circuit. A mini
mum of three different measurements is required. 
Tlte individual capacitances can be determined by 
solving simultaneously any tltree of tlte nine equa
tions above wlten tlte respective terminal capacitances 

are lcnown 
* Generalized equation for a measured terminal 
capacitance (C_,T = Crn, Coe, or Crr} wlten eitlter 
Cr, or c.,, one of tlte two respective series-branch 

capacitances, is sltorted out. 

made, the only restriction is that no two meas
urements are the same and that each of the 
capacitances is involved in at least one of the 
measurements. Three different measurements are 
possible between ar..y one pair of electrodes. Thus, 
in measuring the capacitance between grid and 
cathode, the circuit is unchanged for the first meas
urement, the plate can be grounded for the second 
measurement, and shorted to the grid for the third. 
For the three measurements: 

(2nd) Cac = Ccc + Cr,c 

(3rd) Coe = Cce + Cpo 

Theo·retica11y, these three measurements could be 
sufficient, but one or more additional measure
ments are needed as a check in the event that the 
Q-meter leads or the shorting wires have signifi
cantly affected the readings. With c_ Cpe, and C«" 
determined, the lumped capacitances for both grid 
and plate circuits can readily be determined. 
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BI(I.S VOLTAGE OF PIERCE CIRCUIT 

1-293. Oscillator bias voltages are not as critical 
as are those of other types of vacuum-tube circuits, 
for usually it is neither wave shape, maximum out
put, nor maximum power efficiency that is of most 
importance, but simply a constant fundamental 
frequency. For this purpose, the Pierce circuit can 
be designed to obtain a maximum RP with a mini
mum drive level, and the optimum bias voltage 
will be the one that most nearly answers the need. 
As a general rule, in the case of a vacuum tube that 
is not being driven to saturation, the effective RP 
increases as the bias becomes more negative. If 
the bias is sufficient for the tube to be operated 
class B or class C, so that the plate current is cut off 
for an appreciable part of each cycle, such oper
ation greatly improves the power efficiency. How
ever, a bias developed across a gridleak resistor 
can never exceed the peak excitation voltage dur
in3- stable oscillations. The excitation voltage, in 
turn, is limited by the current I.-, which must not 
exceed a value that would cause the losses in the 
crystal to exceed the permissible limit. When ... * 
is maximum, the limiting crest value of I.- is 

Ism=~• where Pem is the maximum permis
sible drive level in watts, and R.m is the specified 
maximum effective resistance when the crystal 
unit is operating into its rated load capacitance. 
The maximum grid bias is thus 

(max) E0 = - Z, J 2 :.:m 1-293 (1) 

where Z., ( ~ ... t) is the r-f impedance between 
grid and cathode. fi was found earlier (paragraph 
1-284, equation i-284 (8)) that a maximum R,, is 

to be had when Ci; = 2C: ~ t 1), or approximately 

when C, = C1, = 2C1 • Equation (1) under these 
conditions becomes 

~ 
(max) E. = - ----==-

2w Cx ~ 
1-293 (2) 

Equation (2) is quite important in that it shows 
that the maximum grid bias obtainable with a 
maximum R. is fixed by the crystal specifications. 
The maximum E~ for any given crystal unit may 
be obtained from equation (2) by substituting the 
actual R~ for R,,m• The proper anode voltages for a 
given vacuum tube, or vice versa, to provide a re
quired output are consequently also effectively 
predetermined by the crystal specifications. For 
maximum stability with any given vacuum tube in 



a conventional Pierce circuit, C11 and Cp should 
each be made equal to 2C,., or if the amplification 
factor is small, C11/Cp should be made equal to 

~ 2 , with the total capacitance in series made to 
:qual C,.. With the capacitance so determined, the 
plate and screen voltages can be adjusted to give 
the desired output and excitation voltages. Since 
El' ~ E11, the output voltage is also effectively lim
ited by the crystal specifications. With Cc = CP = 
2C .. , (max) EP = .707 (max) IE..I, where (max) E" 
is the maximum r-rh-s value of E1,. and (max) E, is 
given by equation (2). 

FIXED BIAS FOR PIERCE OSCILLATOR 

1-294. It is not conventional to employ a fixed bias 
in a crystal oscillator, although it can be done
even to advantage in some cases. An r-f choke can 
be substituted for the gridleak resistance, thereby 
reducing the grid losses to an absolute minimum as 
Jong as the excitation is insufficient to overcome 
the bias and cause grid current to flow. In order 
for stable oscillations to be maintained, an increase 
in excitation must cause a decrease in amplifica
tion, and a decrease in excitation must cause an 
increase in amplification. When using a fixed bias, 
the choice of operating voltages is much more re
stricted than when employing gridleak limiting. 
Because of the more critical operating conditions, 
the replacement of one crystal unit with another 
having a different resistance may require addi
tional circuit adjustments. If a fixed, class-B or 
class-C bias is used, a slight decrease in the ampli
tude of oscillations r.orma1ly leads to the oscilla
tions dying out all together. This is because the 
average amplification of the positiv.e alternation 
of each cycle increases and decreases directly with 
the amplitude instead of inversely. For instance, 
with a class-C fixed bias, a decrease in the ampli
tude of one cycle would mean that the tube is cut 
off during a larger fraction of the succeeding cycle, 
thereby further decreasing the average amplifica
tion. On the other hand, if oscillations were once 
started, the tendency would be for the amplitude 
to build up until limited by grid and plate satura
tion. Only if limiting is provided by nonlinear ele
ments, such as thermistors or varistors, in the 
external circuits is class-B or class-C fixed-bias 
operation possible if the tube itself is not to provide 
the limiting action. A fixed bias can be used if the 
tube is driven to saturation each cycle, but such 
operation is not practicable unless the utmost 
power is required from the oscillator, and in any 
event should not be attempted with the Pierce 
circuit. The only feasible application of a fixed bias 
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Figure 1-127. Point on E,. h curve at which stable 
oscillations can be achieved with fixed bias. For 
minimum grid losses, the peal< of the maximum 
excitation voltage must not exceed the fixed Ee 

in the Pierce oscillator is to operate the tube just 
above the knee of the E,lb curve (see figure 1-127). 
(E" and lb represent no-signal, d-c values of grid 
voltage and plate current respectively.) At the 
indicated operating point a slight decrease in the 
activity results in the average amplification of the 
negative alternation of the excitation cycle being 
greater, whereas the amplification of the positive 
alternation remains essentially constant. Thus, the 
over-all amplification of the weaker cycle is greater 
than that of the stronger, and a stable equilibrium 
is possible. An r-f choke would normally replace 
the gridleak resistor. Such operation practically 
eliminates the grid losses as long as the peak exci
tation voltage does not exceed the bias. Theo
retically, then, the fixed bias permits a maximum 
Q in the feed-back circuit, and in this respect aids 
the frequency stability. There are, however, prac
tical difficulties involved. If the C1c/C1, ratio of the 
external circuit is such that the oscillator is to 
operate at the minimum gm, it may be difficult to 
find a vacuum tube that provides the desired trans
conductance when operated at suitable voltages 
just above the knee of the E,.Ib curve. The low 
transconductance can readily be achieved by using 
a remote-cutoff tube, but the amplitude stability 
wiU be more critical since the amplification of the 
positive alternations increases with amplitude, 
thereby tending to annul the limiting action of the 
negative alternations. Variations in the circuit 
capacitances have the following effects, which are 
essentialJy the same as those that occur with grid
leak bias except that the amplitude variations are 
more pronounced in the fixed-bias circuit. A small 
decrease in the capacitance ratio, say by an increase 
in C1., would mean that the voltage ratio, 
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must become smaller. Since E1,/E11 varies inversely 
with C,. whereas Z1, varies inversely with C/, an 
increase in C,,, as long as R,,> > Zi., requires gm to 
increase proportionately in order that equilibrium 
may be re-established. In other words, an increase 
in C1, must cause the excitation voltage to decrease. 
Conversely, a decrease in C1, causes g01 to decrease 
and the excitation voltage to increase. RP varies in 
a direction opposite to that of g"" but the per
centage change in R,. is not as large as the per
centage change in g.,,. The change in g111 is approxi
mately proportional to the change in Cl'. If C11 is 
constant, but Cg is varied slightly, Z1, will be ap
proximately constant, so that gm must also vary 
directly with Cg in order for equilibrium to be 
maintained. Therefore, the changes in the excita
tion voltage with changes in Cg are similar to those 
with changes in c ... When C1, and Cg are varied 
independently the total load capacitance C, 
changes, and hence the frequency and X~ also 
change. If, during tuning adjustments, C1, and Cg 
are varied so that the same total capacitance is 
always maintained, then, in the region where C1, 

= Cg the change in C1, is approximately equal but 
. opposite to the change in Cg, In this case gm, which 

has reached its minimum value, tends to remain 
constant, as do also the excitation voltage and the 
plate resistance of the tube. It should be under
stood that this optimum condition holds only for 
variations in capacitance that leave the total load 
capacitance unchanged. With Cx fixed, gm must in
c,.·ease as the capacitance ratio is varied to either 
s,de of its optimum value. When C~/C1, is made 
greater than one the change in gm and the excita
tion is greater than when C.,/C1, is made less than 

· one by an equivalent proportion. (e.g., agm is 
greater when C,,/C11 is changed from 1 to 2 than 
when it is changed from 1 to 1/2.) An increase in 
g111 can occur only by virtue of a decrease in excita
tion voltage. Thus, if the grid impedance, z,, is 
made larger than the plate impedance, Z1., the crys
tal current, I.,, must necessarily become smaller. 
Oscillations can thus be maintained with a smaller 
drive level. Nevertheless, optimum stability gen
erally requires a maximum R1., which, in turn, coin
cides with a maximum excitation voltage and 
minimum gm. 
1-295. According to equation 1-284 (10), tp.e opti
mum capacitance ratio will automatically cause 
the o::;cillator to seek an equilibrium when Rv = 
(µ. + 1) z,., or approximately when RP = ,.:I , 
where PI is the performance index. Herein lies the 
principal limitation of fixed-bias operation of a 
Pierce circuit. The maximum to minimum values of 
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the PI of a given type of crystal unit can be as 
much as 9 to 1 for the same frequency-and 
greater still if the oscillator is to operate over a 
wide frequency range. It may be difficult to find 
a tube to provide equivalent variations in the effec
tive R1, unless the excitation voltage is to be so 
large that it drives the grid positive on the positive 
excitation peaks. In this case, the principal advan
tage of the fixed-bias-to maintain a maximum Q1 

and to minimize the variations in the input imped
ance-is lost. Since an increase in RP must be 
accompanied by an increase in the r-f plate current 
operating into a proportionally increased load im
pedance, the tendency will be for the crystal power 
(approximately equal to I/ Zr.) to vary directly 

with (PI) 3 or(~. )3. Unless there is some guaran

tee that the maximum Re is not to be greater than · 
twice the minimum expected value, some additional 
form of limiting must be used in the fixed-bias 
circuit, such as connecting a varistor across the 
r-f load, to ensure that the low-resistance crystal 
units are not over-driven. The fixed bias should not 
be less than three times that given by equation 
1-293 (2). The vacuum tube (preferably a pentode, 
because of its low plate-to-grid capacitance and 
high Rv) should be chosen and the anode voltage 
determined that permits operation at the lower end 
of the straight portion of the E,.Ib curve. The opti
mum bias and plate voltages are best established 
by experiment. The principal problem is to ensure 
a sufficient output for crystal units of maximum 
R., without overdriving those crystals of minimum 
R •. The average crystal unit has an R. approxi
mately one-third the maximum. An occasional crys
tal unit may have a value of Re perhaps as small 
as one-tenth the maximum. It can be seen that a 
serious obstacle to the use of a fixed bias is that 
manual adjustments of the operating voltages are 
necessary when replacing crystal units, unless the 
plate circuit is to be rather heavily loaded. The 
output will tend to vary by a large factor from one 
crystal unit to the next. The same problem is en
countered with the use of a gridleak bias, but volt
age adjustments are not absolutely necessary, even 
under no-load conditions. A familiarity with fixed
bias operation is helpful, however, in that it aids 
the understanding of gridleak operation. 

GRIDLEAK BIAS FOR PIERCE OSCILLATOR 

1-296. The importance of having gridleak instead 
of fixed bias is two-fold: First, it permits a large 
initial surge of plate current, so that oscillations 
will build up quickly. If the tube were being oper
ated class B or class C with a fixed bias, the biaa 



would have to be removed before oscillations could 
build up at all. Second, it ensures a maximum sta
bility in the output. If for any reason the excita
tion should increase or decrease, the d-c grid 
current and hence the bias follows the change, 
always acting in a dlrection that tends to annul 
the original change. When the oscillator is first 
turned on, the starting bias is zero regardless of 
the value of the gridleak resistance. Thus, insofar 
as the initial surge of current is concerned, the 
value of the gridleak resistance, Rir, is not a first
order factor. However, the value of R., is significant 
in its effect upon the total build-up time. This effect 
is considered in paragraphs 1-304 and 1-305, where 
the conditions most favorable for oscillator keying 
are discussed. The present discussion considers 
only the effects of R., upon the oscillator stability 
after the oscillations have reached a maximum am
plitude. First, it is desirable that the grid losses 
be as small as possible, and that they at least can 
be considered neg1igible by comparison with the 
losses in the crystal unit. For a continuous flow of 
d-c grid current to be maintained, the grid must be 
positive with respect to the cathode at the positive 
peak of each excitation cycle. The amount of grid 
power that is dissipated, the extent to which the 
grid becomes positive, and the length of the period 
during which the grid is positive and electrons are 
flowing from .cathode-to-grid depend upon how 
great a percentage of the total charge escapes 
through R,, during the remainder of the cycle. This, 
in turn, depends upon the ratio of the period of one 
cycle to the RC time constant of the grid circuit. 

This ratio, 1/R.,C.,f, is seen to be equal to 2.,,. ~cgl. 
i 

The smaller this ratio can be made, the smaller will 
be the percentage leakage of charge during one 
cycle, and the more nearly will the bias remain con
stant and equal to the peak excitation voltage. At 
high frequencies, ratios on the order of 1/50 and 
smaller are quite easily obtained. With the period 
of one cycle so short compared with the time it 
would take 63 per cent of the accumulated charge 
to leak off, it can be assumed that the bias voltage 
equals the peak excitation voltage in magnitude. 
Should the excitation voltage increase, the bias also 
increases. The peak excitation voltage is 

l--296 (1) 

where E, is the grid bias when RgC, > > 1/f, and 
I,,., is the peak r-f grid-circuit current. The bias 
voltage is also given by the equation 

Ee I. R, 
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where 10 is the d-c grid current. If an r~f choke 
having an impedance that is large compared with 
R, is connected in series with Ri:, the r-f voltage 
across R" becomes small compared with the d-c 
voltage. With this arrangement it is readily seen 
that the approximate grid power expenditure is 

1-296 (3) 

If the r-f choke is not present, so that the voltage 
across R, varies sinusoidally from a peak of -2E_ 
to a peak of O on the positive alternation, the aver
age squared voltage across R,, equal to 

E' f 2.-z:Jo (1 + sin wt)2 d(wt), isfoundtobel.5E,2
• 

Thus, in the absence of an r-f choke, 

1-296 (4) 

Clearly, if the grid losses are to be held to a mini
mum, Ri: must be as large as possible. If an exami
nation is made of several representative crystal 
oscillator circuits in actual production, it will be 
discovered that very few employ gridleak resist
ances higher than 100 kilohms, and only an occa
sional value of Ri: is found higher than 0.5 meg
ohms. The answer is principally to be found in the 
fact that the oscillator design is usually a com
promise among several factors: (a) frequency 
stability, (b) output-voltage stability, (c) output 
control, (d) operating efficiency, (e) maximum 
economy in production costs, (f) minimum over-all 
weight and space requirements, (g) whether or not 
oscillator is to be keyed, (h) frequency range (i), 
value of Cg, (j) whether or not circuit is to permit 
switching from crystal to tuned circuit, and (k) 
the suppression of parasitic frequencies. Either a 
high or a low value of R, can improve the per
formance in respect to any one of the factors above, 
depending upon what is required concerning the 
other factors. For example, a very large R" can 
improve the frequency stability by reducing the 
grid losses, when -0nly a small output is required. 
On the other hand, the. same value of R,. could lead 
to both frequency and output voltage instability 
if maximum output or maximum operating effi
ciency were required. The effects of R .. relative to 
various factors listed above are discussed briefly 
in the following paragraphs. 

Gridleak Resistance and Frequency 
Stability of Pierce Oscill.ator 

1-297. The grid R11 can lead to frequency instability 
in two ways. As R11 is decreased, the grid losses load 
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the feed-back circuit and require that the tank be 
operated farther away from resonance. R" of the 
vacuum tube is reduced and its effect upon the 
frequency becomes more pronounced. On the other 
hand, if R,c is increased indefinitely, the oscillator 
can become self-modulated. This latter effect is 
more properly classed as a problem of output volt
age stability, and is discussed in the paragraph 
1-299. The principal frequency-stability importance 
of R11 is the degree by which it reduces the effective 
Q, of the feed-back arm. (Qr is the feed-back qual
ity factor only from the point of view of phase rota
tion.) As defined by equation 1-272 (1) 

Qr= QPIN' Qa 
Qpcc + Q. 

where QJ>II(' is the actual over-all effective Q of the 
feed-back arm, and Qi: is the effective Q of the in
put circuit. In order to analyze the effect of R1 in 
terms of the equivalent Pierce r-f circuit, we repre
sent z, by an equivalent reactance, Xeg' in series 
with an equivalent resistance, R11', as shown in fig
ure 1-128. The problem now is to determine R.(, 
such that 

I/ Rg' = P, 1-297 (1) 

where Pg is the power expended in the gridleak 
resistance. The power expended during the short 

0>-------,1 
CR = 

Cg 

Ci) Q pgc = ~ Re+ R'g 

© Og = I xRc.; I 
@ Of 

OpgcOg-1 

Opgc +0; 

~ 
Opgc 01 
Opgc +Og 

Figure 1-128. Equivalent Pierce feed-baclr. circuit 
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current pulse when the grid is positive with respect 
to the cathode will be considered negligible com
pared with the power losses in R~ per cycle. Assum
ing that no r-f choke is used and that Ra is 
sufficiently large so that equation 1-296 (4) is 
approximately correct, equation (1) on substitu
tion and rearrangement becomes 

R, = 1.5 E.2 
II I/ Rg 1-297 (2) 

Since it has been assumed that R, is large com
pared with Xe,, then Xe,'= Xc.ir and E0

1 = Erm1 = 
2 (l,cXc11)'. On substitution in equation (2), 

R
, _ 3 Xe,2 

g - R, 1-297 (8) 

If an r-f choke were used in series with R1 , the 
approximate value of Rr.' would be 

R,i' = 2 Xe/ 1-297 (4) 
Ra 

The values of Q, become 

(without choke) Q = I Xe/ I = I R, I 11 R1' 3Xe, 

1-297 (6) 

(with choke) 

1-297 (6) 

The equations for Qpcc are 

(without choke) Q - (X. + Xe«) R, 
Pee - R11 R.+ 3 Xe/ 

1-297 (7) 

(with choke) Q _ (X. + Xe, )R1 

pgo - R, R. + 2 Xe/· 

1-297 (8) 

Assuming that Qp11c Q" > > 1, Q, is given by the ap
proximate equations 

(without choke) 

1-297 (9) 

(with choke) 

1-297 (10) 



In the previous discussions it has been supposed 
that the grid losses are kept negligible compared 
with the losses in the crystal, so that a Q, equal to 

X.. teXcs is approximately correct. Where this 

assumption cannot be made, those equations that 
define the frequency of the oscillator, such as equa
tion 1-289 (3), can still be used for approximately 
correct answers if Re is replaced by the appropriate 
denominator in equation (9) or (10). Thus, the 
effective frequency-determining resistance of the 
feed-back arm, can be defined as 

Rr. = R. + I 3 X., Xc,/R1r I or R. + 12 X. Xcc/R11 I 
1-297 (11) 

On the other hand, in those equations that concern 
the equilibrium between the energy input and out
put of the feed-back arm, such as equation 1-289 
(2), the effective feedback-circuit resistance to 
substitute in the place of R0 is the value 

1-297 (12) 

On multiplying equati~n (11) by Ri:/R., it is ap
parent that if R11 is to have a negligible effect upon 
the frequency, it must be much greater than 

13 ~~c,1 . Similarly, if R11 is to have a negligible 

effect on the total feed-back power requirements, 
according to equations (3) and (12), it must be 
much greater than 3Xc,i/R •. If the oscillator is to 
be operated in the region of maximum RI' of the 
tube, IXe,I will approximately equal X./2, and 

I 3 XR~"EI will approximately equal ½ PI. Under 
these conditions, a good rule of thumb, if the other 
operating requirements permit, is to employ a grid 
resistance equal to 15 times the minimum permis-

sible PI(= ic ~ R ), or greater, where R..,, = 
IP s em 

(max) R.,. 

Grid-Resistance Effects and "Class-D" 
Operation of Pierce Circuit 

1-298. Typical curves showing the effect of the 
grid resistance upon the frequency and the fre
quency stability of a Pierce oscillator are shown 
in figure 1-129. The curves in figure 1-129 (A) were 
obtained for plate voltages (Eb) of 50, 60, and 70 
volts under no-load conditions; the curves in figure 
1-129 (B) were obtained for plate voltages of 75, 
100, and 125 volts when a load resistance of 5000 
ohms was connected across the plate circuit. The 
curves were plotted from measurements of an ex
perimental Pierce oscillator during a USAF re-
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search project under the direction of E. Roberts at 
the Armour Research Foundation, Illinois Institute 
of Technology. The frequency deviation due to a 
change in R1, with a change in plate voltage is in
dicated by the frequency difference between .the 
points on the curves that correspond to the same 
values of grid resistance. The four sets of curves 
for each of the two load conditions were obtained 
by maintaining the grid-to-cathode capacitance 
constant and varying the plate-to-cathode capaci
tance. The bottom set of curves in each graph 
.r~presents the closest approach of the four sets to 
a Cir/C1, ratio of 1, and the top set represents ap
proximately the largest Ck/Ci, ratio (maximum E1,) 

at which oscillations can be maintained. As is to be 
expected the frequency deviation due to changes 
in voltage is greater for the larger than for the 
smaller values of C,./C,,. However, part of this 
greater deviation is due to the fact that in the cir
cuit from which these curves were plotted, the 
plate capacitance was obtained from · a capacitor 
paralleled by an inductor. At the minimum effective 
value of C1., the capacitor and inductor approach 
a state of parallel resonance, so that the rate of 
change in the equivalent plate reactance with a 
change in R1, is larger than would be the case if 
no inductor were present. Also, the fact that the 
total load capacitance facing the crystal is smaller 
at the higher frequencies contributes to the fre
quency deviation. Partially counteracting this lat
ter condition is the increase in the effective Q. of 
the crystal and in the Qr of the feed-back circuit as 
a whole because of the rise in frequency. There are 
three variables influencing the frequency that are 
affected by a change in the grid resistance. The 
first of these is the Q" of the grid-to-cathode im
pedance. As R11 becomes relatively small, Q" be
comes the dominant factor determining the phase 
of E1, with respect to Ei:. As Qi: decreases, the tank 
circuit must appear more capacitive. Thus, the re
actance of the crystal unit in the feed-back arm, 
and hence the frequency, must increase. This is 
indicated by the sharply rising tails of the curves in 
figure 1-129. The second frequency-determining 
factor affected by R~ is the effective grid-to-cathode 
capacitance, c •. As Rlf decreases, C, effectively in
crease_s. That is, if R~ and Cg are represented by an 
equivalent Ri( and C/ in series, it can be shown 
that Cir' increases with a decrease in R.,. As a result 
of this effect, as R.: becomes small, the frequency 
tends to decrease; but, as indicated in the upper 
sets of frequency stability curves of figure 1-129, 
when C11 is small compared with C,., changes in C, 
have little effect since the total load capacitance is 
approximately equal to the smaller capacitance. On 
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the other hand, when the Cg/Cl' ratio is small, as 
indicated by the lower-frequency curves in the fig
ure, the changes in the effective Cr have a measur
able effect upon the frequency. It can be seen at 
the low values of grid resistance th3t the effective 
increase in capacitance greatly diminishes the rise 
in frequency that would otherwise occur because of 
the decrease of the grid-to-cathode, Q,. Indeed, the 
bottom curves in figure 1-129 (A) show that for 
the particular circuit and crystal. unit the two op
posing frequency effects of R_ apparently cancel 
each other when R11 is in the neighborhood of 100,-
000 ohms. This same set of curves indicates that 
a minimum frequency deviation with plate voltage 
occurs when the grid resistance is approximately 
200,000 ohms. It is with some diffidence that we 
attempt to explain the reason why this particular 

value of Ri: should provide a point of maximum 
frequency stability. Rather than interpret the 
effect as due to a possible optimum ratio, or as due 
to a possible variation of R~ with plate voltage that 
tends to cancel the effect of the variation in R1,, it 
seems more likely that the optimum results are 
due to a coincidence between the third frequency 
factor mentioned above and the characteristics of 
the tube, a 6C4 (triode), that was used in the test 
circuit. This third frequency factor is the average 
grid bias, which tends to increase and decrease 
with R11, although the variations are not pro
nounced when Ri, is large. As the bias increases, 
so also does R1>, which in turn causes the frequency 
to decrease. This can best be seen from an examina
tion of the curves at the top of figure 1-129, where 
the effects of R, on Cg' are negligible as they affect 
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the frequency. As R. increases, the bias approaches 
as a limit the magnitude of the peak excitation 
voltage. Thus, R1, also rises to some limiting value, 
causing the frequency to level off to some minimum 
value. If the plate voltage is increased when the 
tube is biased below the straight portion of the 
E~Ib curve, one result is a decrease in R1., which, in 
the curves of figure 1-129, clearly causes the fre
quency to increase. However, an increase in the 
plate voltage also cause& an increase in the excita
tion voltage, and hence in the grid bias. Thus, it 
may well be that the point of maximum frequency 
stability as indicated in the bottom curves of figure 
1-129 (A) is the result of an increase in bias with 
the increase in plate voltage just sufficient to hold 
R,, constant. A class of operation such that the 
percentage change in R,, due to a change in Eb is 
annulled by a percentage change in R11 due to a 
change in E,., or vice versa, suggests interesting 
possibilities in stabilizing the plate resistance by 
methods other than plate-supply regulation. There 
is no evidence that this type of operation has been 
investigated, but on the strength that possibilities 
exist for practical application in oscillator circuits 
not employing a fixed bias, the name "class-D" 

(8) 
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operation is proposed. Three subclasses are pos
sible: "Di," where changes in E1, can occur more or 
less independently and E,. is the dependent vari
able: "D2," where E,. can be considered independent 
and Eb dependent; and "D,. 2" where E 11 and E, are 
mutually dependent. Mathematically, this class of 
operation can be defined by the following equa
tions: 

(Class D) ARP = .!._(o R")AE" 
Rp RP O Eb E :c:: const, 

< 

1 ( o R11 ) +--AE=O 
RP O Ee E ;conot. 

b 

1-298 (1) 

f.-298(2) 

1-298 (3) 
(Class D,. ,) Equations (2) and (3) both apply. 
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Equations (1), (2), and (8) sufficiently define 
"class-D'' operation, but the parameter, R1., repre
sents a with-signal average plate resistance, and 
not the instantaneous or static resistances repre
sented by conventional R1, curves; although the 
static values would apply if the signal amplitude 
were small relative to the bias, as would be the case 
if age were being used. An increase in plate voltage 
can generally be expected to cause an increase in 
excitation and grid bias in the conventional oscil
lator circuits. This action, in turn, can be expected 
to cause an increase in the average R1,. Thus, if 
"class D" is to be in effect, it is necessary that an 
original increase in Eb cause R,, to decrease by the 
same amount as the change in E,. will cause it to 
increase. For this to occur, the plate characteristic 
curves must show positive slopes that increase with 
plate voltage; that is, the l<]hlb curves must be 
curving upward in the direction of increasing Eb 
at the operating voltage, as is quite characteristic 
of triode curves. Pentodes do not show this char
acteristic if the screen voltage is held constant, 
since the plate resistance tends to increase with 
increasing plate voltage. However, if the screen 
voltage varies with, and in the same direction as, 
the plate voltage, as can be the case when the two 
voltages are obtained from the same source, plate 
characteristics can be achieved similar to those of 
triodes, but with the advantages of larger values 
of RI' and an independent variable (E, .• ) by which 
the rate of change of R1, with Eb, ( 0R1,/0E1,), can be 
adjusted. Now there is an additional implied con
dition that must be met if class-D effects are to be 
achieved in conventional oscillator circuits. This 
is the requirement that gm also remain constant. 
For example, by equation 1-289 (2) which is re
peated here 

R _ Xco (X. + Xcr) 
p - R. gmXCp Xe, 

it can be seen that feed-back equilibrium in a 
Pierce circuit requires that as long as R1, and the 
external circuit parameters remain constant, so 
also must g.,. An analogy here is to be found in 
class-A operation, which is definP.d by the operation 
of the tube along the straight portion of the E,.li. 
curve, i.e., in a region of constant gm. Since the 
principal purpose of class-A amplification is a dis
tortionless output, by implication a necessary re
quirement is that the operation also be in a region 
of constant R". In "class D," on the other hand, a 
constant effective R,. is the ~ufficient definitive con
dition, but in application a constant effective gm is a 
necessary implication. If g., is to remain con-
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stant, equations for agm similar to (1), (2), and 
(3) for ~Ri, must hold simultaneously. This can 
be achieved in one of two ways, or a combina
tion thereof. Assume that the plate voltage in
creases. If R. is sufficiently small for the positive 
excitation peak to drive the grid reasonably far 
above the zero point, an increase in excitation, al
though decreasing the average im on the negative 
alternation, can annul this effect by increasing the 
average gm in the region above the zero grid volt
age. For this to occur, the tube would have to be 
operated at plate voltages low enough for the zero 
grid point to lie well within the bend of the E.,.Ib 
curve. This, indeed, was the state of the 6C4 tube 
when the curves of figure 1-129 (A) were deter
mined. Presumably, under no-load conditions and 
a small Ca/C1, ratio, as the grid resistance was 
decreased, the changes in the positive excitation 
peaks with changes in plate voltage were just 
sufficient to maintain gm approximately constant 
for values of R. between l0OK and 200K. If Rs is 
very large, the effect above is negligible, since any 
increase in the positive excitation above the zero 
grid voltage point becomes minor compared with 
the total increase of the negative alternation. For 
g ... to be stabilized when R,: is large, the change in 
plate voltage must make a change in the cutoff 
voltage comparable to the change occurring in the 
excitation voltage. Plate characteristics most prob
ably favorable to "class-D" operation appear to be 
had with low plate voltages. Unlike the R1, and gm 
in the conventional classes of amplifier operation, 
where R1, and g., can be varied independently, this 
condition cannot exist in class-D operation of con
ventional oscillators, since R1, and gm are tied to
gether by the feed-back energy requirements at 
equilibrium. Any condition that would stabilize the 
one, would automatically stabilize the other. It 
is only R1,, however, that directly affects the phase 
of the feedback. Once R1, becomes large relative to 
the impedance across the tube, the percentage 
variations in g111 become very small, so that gm can 
be assumed to be a constant for all practical pur
poses. It is R1, that requires critical attention if it 
is to be held constant. As discussed in paragraph 
1-342, the curves shown in figure 1-146 strongly 
suggest the possibilities of "class-D" operation in 
the case of a Miller circuit. The solution of the 
"class-D" equations for a given vacuum tube and 
circuit can probably be approximated graphically, 
using families of R1, curves versus Eb and Er, or 
curves of the deviations of the R1,Ei. and RpEr 
curves. If rates of change of E, with Ei, can be ob
tained that provide a solution for equation (1) 
when the values of E, and Eb are practicable, the 



. possibility exists that an oscillator of any type, 
parallel- or series-resonant, using a gridleak bias 
(or age) can be designed so that for all practical 
purposes it is independent of small fluctuations ,in 
the plate-supply voltage. Empirically, "class-D'' 
operation is indicated at the point or points where 
the · frequency deviation curves of an oscillator 
change in sign, or where frequency curves, such 
as those in figure 1-129, cross or touch each other. 
A full analysis of this class of vacuum-tube opera
tion is beyond the scope of this handbook. It is 
suggested here only as a possible line of inquiry. 

Gridleak Resistance and Output Voltage 
Stability of Pierce Circuit 

1-299. The stability of the output voltage depends 
largely upon how readily the gridleak bias can 
follow small fluctuations in the excitation voltage. 
Imagine, for example, that the vacuum tube is 
being operated class C, and that after equilibrium 
is reached the positive peak of a certain excitation 
cycle happens to be slightly higher than the aver
age. The average bias during the succeeding cycle 
will thus be slightly more negative than is normal, 
so that during this pertod the tube is conducting 
a smaller fraction of the time, and the peak excita
tion voltage will drive the grid less positive than 
before. This means that the amplification during 
this cycle will be less than the amplification dur
ing the preceding cycle. If the RgCg time constant 
is extremely large compared with the period of a 
cycle, the bias remains relatively fixed for the dur
ation of several cycles. In which case the peak of 
several succeeding cycles must rise to progressi,:ely 
lower points on the E,.h curve. The oscillations will 
continue to decay until a sufficient amount of the 
bias charge of C,. has leaked through R., to permit 
oscillations to again build-up. For this reason Rg 
cannot be increased indefinitely without the risk 
of the oscillator becoming self-amplitude-modu
lated. As Rlf is gradually increased, the amplitude 
sooner or later begins rising and falling at a radio
frequency rate. If Rlf is further increased, the 
modulation of the output can fall within the audio 
range. Finally, with extremely large values of R", 
the circuit behaves as a damped-wave blocking 
osci1lator. Now, assume that R,. is infinite. As oscil
lations build up, the bias for each cycle is essen
tially the same as the peak excitation voltage of 
the preceding cycle. Eventually a peak excitation 
voltage is attained which causes the bias for the 
next cycle to be too great for the circuit to be 
resupplied with all the energy that will be lost 
during the period of the cycle. If the peak bias is 
equal to or greater than the cutoff bias, the oscil-
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lations will die out completely, since any decrease 
in excitation with class-C bias means a decrease in 
average amplification. To avoid this possibility, it 
is important that sufficient electrons escape from 
the grid so that, at the beginning of the cycle im
mediately following the first peak cycle, the bias 
will have returned to approximately the same 
starting point. Expressed in another way. to avoid 
the intermittent activity, there must be an assur
ance that the positive peak of every cycle wiJl 
drive the grid positive. This assurance is to be had 
for all operating conditions if the bias voltage de
creases at a greater rate than would the positive 
excitatioo voltage peaks if the tube were cut off 
for a complete cycle. In practice, the vacuum tube 
can be conducting in polar opposition to E1, and 
hence effectively supplying energy to the circuit 
during the entire negative alternation of an E,, 
cycle. Nevertheless, if there is an assurance that 
the bias voltage drops as fast as the peak excita
tion voltage when no energy is being supplied to 
the circuit, the bias reduction is certainly sufficient 
if the net rate of energy-loss is reduced by virtue 
of a variable release of energy by the tube through
out a large part of each cycle. The problem, then, 
becomes one of first determining the percentage 
change in the peak excitation voltage that would 
occur during the period of one cycle if the tube 
were suddenly cut off. 
1-300. At the instant that Jg is a maximum, the 
voltages across the reactances in the tank circuit 
are zero, and none of the circuit energy is stored 
in the capacitances. All the stored energy at that 
instant is in mechanical form, and is equal to the 
kinetic energy of the crystal as it swings through 
its position of zero potential energy. As discussed 
in paragraph 1-249, this stored energy is equal to 
I/L, where l. is the series-arm current, and L is 
the equi~alent series-arm inductance. Now, when 
the crystal appears as an inductance, l, is approxi
mately equal to li, plus the current, Ic0 , which flows 
through the shunt capacitance, C0 , of the crystal 
unit. (Only the unsigned magnitudes of lri and le., 
are considered here.) ~e can say, approximately, 
that the stored energy is equal to (I, + 100 ) 2L. 
As is also discussed in paragraph 1-249, the ratio 
of stored energy to the energy dissipated per ra
dian, is equal to the Q of the circuit, which in 

th . . ff t' l wL(I. ± IcoP h 
1s case 1s e ec 1ve y (R. + R,:' + RL')l/' or t e 

• I t ] wL(I. ± lc.,) 1 

eqmva en va ue, R(I, + IcoP +'-'--(-'R""1/"'"+_R_L-,)-l-,l' 
where RL' is the equivalent load resistance when 
represented as in series with the plate-circuit ca
pacitance, and R is the series-arm resistance of 
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the crystal. If Rg' and R1,' can be considered neg
ligible, the circuit Q will be the actual crystal 

Q ( = "ii'). Assume that the plate current is cut 

off for an entire cycle, which is a period of 2ir 
radians. The fraction of the energy dissipated 
during this time is approximately equal to 2.,,./Q 
R/fL, if Q is of sufficient magnitude that the per
centage decrease in current is not large. Since the 
energy is proportional to the square of the voltage, 
the equivalent decay in peak excitation voltage is 
E,., .. ~ = JE,.Jv'Rl]'C If E,., the grid bias, 
whose magnitude only we shall consider, is to de
crease at the same rate, the bias charge, equal to 
CgEe, must leak through Rg at an average rate of 
CgE,.v"R7l"[ during the period of one cycle. Thus 

(min) le 

The maximum safe value of Rg for all operating 
conditions, if R,,' and R1.' are negligible compared 
with R,., according to equation (1) is 

(max) R,: -y"L / c. yfR 1-300 (2) 

Since yL 1/wyC, where C is the equivalent 

series-arm capacitance, and since C ~ ~", in the 

case of partially plated elements, where r is ap
proximately equal to the theoretical capacitance 
ratio, r,., given in figure 1-95, then, on substitution 
in equation (2) 

(max) R. 
wCi~ 1-800 (3) 

In paragraph 1-297 it was shown that when 
C~ 2C., if R~ is to be considered negligible it 
should be at least 15 times the minimum permis
sible PI. Assume that. Rg/ (min) PI = k, (k is not 
to be interpreted here as a symbol for any quantity 
other than the ratio defined) and that it is de
sired that k k11., its maximum value consistent 
with equation (3), above. Let it also be assumed 
that R is approximately equal to Rem, the maximum 
permissible value of R., that C,. 2C., and that 
C0 C.,,.., the maximum permissible shunt capaci
tance specified for the crystal unit. Then, 

(max) R" = km (min) PI = km/ciC, 2 Rem 

also 

(max) R" = ~ / 2w C. ✓ wC0m R .... 
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Thus, 

(max) R,/(min) PI = km wCx✓ 2r r R.'" 

2✓ W Com 

1-800 (4) 
or 

km2 r r I (min) Xc0 I /2 (min) PI 

1-300 (5) 

It will be found in practice that the limiting ·values 
of km given by equations (4) and (5) are normally 
smaller than the minimum desired value of 15. If 
this should be the case in an actual circuit, the 
assumption that the power losses in the grid cir
cuit are negligible can no longer be made, and the 
actual value of km would be even less than that 
given above. The factor y'R7fL in equation (1) is 
derived upon the assumption that only the crystal 
losses are significant. If this is not to be the case, 
this factor should be replaced by one equal to 
✓ total energy expended per cycle. Now, even 

energy stored 
though it would seem from equations ( 4) and ( 5) 
that R cannot be safely made more than 5 to 10 
times l~rger than the minimum PI, particularly if 
an AT cut is employed, since it has a value of r of 
only 250, and since Cx is normally no greater than 
4 or 5 times C.m, it should be remembered that the 
value of km above is based upon the assumption 
that no energy is being fed to the circuit during 
an entire cycle, so that the net loss is equal to the 
gross loss. This condition is only approached in 
high-efficiency class-C circuits where the operat
ing bias is several times the cutoff bias. Except 
in the case of power oscillators, such operation is 
not feasible because of the high operating voltages 
that are required. The larger the fraction of the 
cycle during which the tube is conducting, the 
larger the ratio of the usable R11 to that given by 
equation ( 3). If the tube is conducting one-half the 
time, class-B operation, the maximum safe R« is 
more than twice that given by equation (3). For 
class-B and class-C operation, the output stability 
is almost entirely dependent upon the automatic 
adjustment of the bias, for any decrease in signal 
strength will mean a decrease in over-all amplifi
cation unless the bias can drop immediately to 
allow more energy to be fed to the circuit. On the 
other hand, it was found in paragraph 1-294 that 
if an oscillator tube is operated at a bias imme
diately above the knee of its E,.lb curve, the bias 
can remain fixed and the variations in excitation 
directly produce a change in amplification that 
tends to annul the original variation. If the tube 



voltages are so seleeted that a gridleak bias at 
equilibrium is also at the optimum fixed-bias point, 
then limiting can be achieved both from the grid
leak action and the excitation swings. Under these 
conditions, R. can be safely increased to values 
beyond one megohm, even at high frequencies. As 
a design consideration, however, the gap between 
the theoretical and the practical solution can prove 
quite wide. Among the optimum-bias bugs that 
resist extermination; there is the difficulty of find
ing a vacuum tube having the desired operating 
characteristics, and once found, there is the addi
tional problem of maintaining an optimum oper
ating state with crystal units having different 
values of effective resistance. These problems are 
discussed in some detail in succeeding paragraphs. 
The main problem is to reduce the grid losses to 
negligible proportions without endangering the 
output voltage stability. This can normally be done 
with any parallel-resonant crystal oscillator if the 
tube is conducting throughout most of each cycle. 

Gridleak R·esistance and Output Control 
in Pierce Circuit 

1-301. If it is necessary for a Pierce oscillator to 
provide a higher voltage output than can be ob
tained under the conditions of maximum fre
quency stability, the Cg/C,, ratio can be increased. 
If the total load capacitance is to remain constant, 
Cg will necessarily be larger, and the excitation 
voltage smaller, so a smaller value of R~ can be 
used without the grid losses becoming significant. 
If the capacitance ratio is to be adjustable in order 
to permit an operator or technician to control the 
output voltage, R~ cannot be made larger than that 
value which would permit a stable output with the 
largest operable value of C" at the highest fre
quency at which the oscillator is to be used. If such 
an adjustment is to be provided in a Pierce circuit, 
C11 and C1, should be so ganged as to always provide 
a constant load capacitance. This problem is dis
cussed in paragraph 1-318. Insofar as the grid-to
cathode resistance is concerned, the maximum 
safe value of R" becomes less if c. is to be variable 
than otherwise. Without changing the c.;c1, ratio, 
larger outputs can be achieved by reducing the 
value of R11 to a point where the grid leakage is so 
great that the average bias is considerably smaller 
than the peak excitation voltage. With this the 
case, the oscillations must build up to higher amp
litude levels before equilibrium can be reached. Al
though the maximum excitation is still fixed by the 
rated drive level of the crystal unit, the output can 
be controlled somewhat within this restriction by 
a variable R,. At the higher frequencies, this 
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method of output adjustment requires such low 
values of Rll that the grid. losses seriously .affect 
the frequency stability. However, at very low fre
quencies, a variable Rir could be feasible as a means 
of. adjusting the output of a Pierce circuit to a 
desired level when one crystal unit is replaced by 
another of different effective resistance. Although 
such a design feature has no particular recom
mendation, it could be preferred over those meth
ods of output control that require adjustment of 
the Ci,/Cv ratio, which risk changes being made in 
the total load capacitance. With grid control, the 
lowest adjusted value of R" could be designed to 
provide the desired output when a crystal unit of 
maximum effective resistance (minimum PI) is 
connected in the circuit; whereas the larger values 
of R, could ensure the same output with some 
theoretical minimum value of effective resistance. 
Since the crystal current, I.,, is practically constant 
as long as the output voltage E,, is constant, the 
power losses in the crystal, equal to I/R.., tend to 
vary directly with RN as long as E1, is held constant 
by adjustments of R,r. Under those conditions 
where the capacitance ratio does not change, a 
maximum crystal drive level is required for the 
crystal unit of maximum R,., and a minimum crys
tal drive level when R.. is a minimum-the reverse 
of those conditions discussed in paragraph 1-294 
when a fixed bias instead of a fix~d output is 
assumed. 
1-302. As applied to crystal oscillators in general 
it cannot be said that a variable gridlPak resistance 
is advisable except for test purposes or unless its 
purpose is to obtain the minimum possible grid 
losses when changing from one crystal unit to 
another. As an output-voltage control device other 
irethods are generally to be preferred. Except at 
very low frequencies, the resistance values neces
sary to appreciably lower the average bias are too 
small to prevent the grid losses from becoming a 
significant frequency-determining factor. This 
statement, of course, only expresses a general rule, 
and in specific instances the inter-relations among 
the circuit variables may be such as to annul the 
effects upon the frequency. For example, the bot
tom set of curves in figure l-129(A) is to be ex
pected theoretically to indicate a greater frequency 
stability when R" is 1 megohm rather than when 
it is 0.2 megohm, but this effect was not observed. 
Figure 1-130 shows curves of output voltage ob
tained from the same experimental oscillator that 
was used in plotting the curves of figure 1-129. 
Although the curves are plotted as output-voltage 
versus crystal driving power, it should be under
stood that the actual independent variable for each 
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curve is the plate voltage. Each curve represents 
a particular value of grid resistance. The cross 
lines intersect the curves at points corresponding 
to the same values of plate voltage. From figure 
1-130 it cim be seen that large percentage changes 
in the grid resistance can cause changes in the 
output voltage on the order of 30 per cent or so, 
but which increase sharply as R. becomes small. 
1-303. If an adjusable output voltage is desired, 
probably the best solution to the problem is to use 
a screen-grid tube having an r-f-bypassed, varia
ble, voltage-dropping resistor in series with the 
screen supply voltage. Varying this resistance will 
control the output of the tube and the crystal driv
ing power. The maximum permissible output volt
age must be determined on the assumption that 
the crystal unit has the maximum permissible R.,. 

Since I.i: = x. !P Xe. and the maximum permissible 

le = v'Pcm!Rem, where Pcm and Rem are the maxi
mum crystal driving power and effective resist
ance, respectively, then the maximum permissible 
constant EP is 

(max) E" = (X. + Xe,) v' Pcm/Rem 

ll 

12 

II 
(J) 

1-
i:5 10 
> 

~ 9 
Ii.I 

" 8 
w 
C) 

~ 7 
..j 

0 
> 6 

II.I 
1-
j 5 
Q. 

':'" .. 
0: 

3 

1-303 (1) 

If it is assumed that Xe. ""' X0p .... !", where 
X.(= -1/"'Cx) is the total load reactance equal 
and opposite to x., equation (1) becomes 

1-303 (2) 

According to equation (2), the maximum permissi
ble constant E1, varies inversely with the crystal 
frequency. If the oscillator is to be used at more 
than one frequency, and at the same time is to 
provide the same output voltage regardless of the 
frequency, the maximum EP is that value given by 
equation (2) for the crystal unit of highest fre
quency, assuming the crystal specifications are the 
same for all frequencies. With the ratio of C,/CP 
approximately equal to one, equation (2) also gives 
the value of E11, which obviously will also remain 
constant. R. can be made quite large, so that IE,I 
will approximately equal E1,y2. With E, constant, 
and with the plate voltage Eb also assumed to be 
constant, the operating position of the tqbe on the 
E 0 Ih curve largely becomes the function of the 
screen voltage. As the screen voltage is increased, 
&'m increases, which means that the slope of the 
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EJ1> curve becomes steeper. Also, the cutoff bias 
is increased. Since E., is being held constant, the 
effect is one of shifting the operating bias, percent-

/ age-wise, closer to or farther up the straight por
tion of the Ecl1, curve. From the point of view of 
using as large a value of R11 as is possible, it is 
desirable that the operating position be just above 
the knee of the EJb curve when the screen voltage 
is to be a maximum, i.e., when Re of the highest
frequency crystal unit is a maximum. 

Gridleak Resistance and Oscillator Keying 
of Pierce Circuit 

1-304. If avoidable, a crystal oscillator should not, 
itself, be keyed. F'or · one reason, the oscillation 
build-up time is not negligible if rapid telegraph 
keying is desired. As the operable speed limit is 
approached the wave shape becomes distorted and 
the harmonic output is considerably increased. 
Even the keying of a crystal oscillator in a push
to-talk voice transmitter is not desirable if fre
quency stability is important, since on-and-off 
operation constantly raises and lowers the crystal 
temperature. Thus, the frequency is kept in a state 
of constant variation to a degree dependent upon 
the magnitude of frequency-temperature coeffi-

8 

16 

ti) 

!::; 
0 
> 
I 5 
C. 
LI.I . 
Lt.I 
(!) 

< .... . 
.J 
0 R9 
> 30K 
LI.I 50K .... 
< l 
.J 
CL 

... 
I 

Q: 
2 

Section I 
Crystal Oscillators 

cient of the crystal unit at the average operating 
temperature. Unless necessary for reasons of econ
omy in space, cost, or the like, the oscillator should 
be de~igned for continuous operation and the key
ing, 1!8:r:f ormed in one or more of the succeeding 
ampij~er' stages. Usually the keying circuit is de
signed to remove and apply by one means or 
another, a cutoff bias in the buffer-amplifier stage. 
During the time that the buffer amplifier is cut off, 
the crystal circuit continues to oscillate, but the 
signal cannot be amplified and applied to the suc
ceeding stages. 
1-305. When it is necessary to key the oscillator, 
itself, the reason is normally that the space and 
weight requirements are so limited that no more 
than one or two vacuum-tube stages can be al
lowed. For this same reason, the oscillator is prob
ably required to develop as much output power as 
possible, so that a Miller, rather than a Pierce cir
cuit is generally employed if crystal control of the 
frequency is required. Nevertheless, the factors 
affecting the build-up time are approximately the 
same in either circuit. Fundamentally, the reason 
that a crystal oscillator requires a relatively much 
longer build-up time than does a conventional in
ductor-capacitor tuned circuit of the same reso-
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nant frequency, is because the energy to be stored 
in the crystal is much greater than that which 
would be stored in an inductor-capacitor circuit. 
For a given tank current, the stored energy 
is proportional to the inductance, so, to a first 
approximation, we can suppoee that the build-up 
time of, say, a Pierce oscillator as compared. with 
that of a Colpitts oscillator of the same frequency, 
is directly proportional to the inductance ratio. On 
the other hand, it can be imagined. that the 
build-up time tends to vary inversely with the total 
effective resistance in the tank circuit. The greater 
this resistance, the more quickly do the losses in 
the circuit rise to equilibrium with the rate of en
ergy supply. The build-up time also tends to vary 
inversely with the frequency. Clearly, if the fre
quency were one cycle per second, equilibrium 
could not be reached in a shorter period. Finally, 
the build-up time is a fur,ct.ion of the electro
mechanical coupling of the crystal to the circuit. 
The larger the C0 / C ratio of the crystal unit, the 
weaker is the coupling and the longer is the period 
before equilibrium can be reached. The exact rela
tions of all the circuit variables in an equation 
expressing the time required for the amplitude to 
rise to within one per cent or so of its equilibrium 
limit would, indeed, be quite involved. Insofar as 
the crystal is concerned, the build-up time can be 
expected to vary positively if plotted against L, C, 
C0 , and 1/R of the crystal unit. The percentage 
variation of the build-up time with a given per
centage variation in L can be expected. to be 
greater than with the same percentage variation 
in C, because or the fact that, say, an increase in C, 
although increasing the build-•Jp time by lowering 
the frequency, will also tend to decrease the build
up time by improving the electromechanical ratio. 
Thus, if the frequency remains constant, a crystal 
oscillator can be keyed at a faster rate if the L/C 
ratio is kept to a minimum, provided C., is not in
creased. In other words, a crystal element should 
be chosen that has as large a piezoelectric effect as 
possible, provided the frequency-temperature co
efficient is small. For exampie, for high-frequency 
circuits, an AT-cut crystal which has a capacitance 

ratio g0 = 250 is to be expected to provide better 

keying characteristics than a BT-cut crystal, 
which has capacitance ratio of 650. Preferably, 
from the point of view of a maximum keying speed 
for a given output voltage, the gridleak resistance 
should be kept small, not only to load the circuit 
and to provide quick-action limiting, but also to 
keep the positive swings of the grid and the trans
conductance high. The oscillator will almost cer-
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tainly be designed. for maximum power output, so 
that the tank circuit will be well loaded, for which 
reason the grid resistance must be kept relatively 
small as a safeguard against intermittent oscilla
tions. It is questionable as to just how much the 
effective tank resistance limits the build-up time. 
Of course, if the resistance were zero, the oscilla
tions would theoretically continue to rise indefi
nitely. On the other hand, the time required. for 
the amplitude to reach any given value is least 
when the energy being lost from the circuit is 
least. In this respect, the build-up time tends to 
vary directly, not inversely, with the tank 'resist
ance. It would seem, that to obtain a maximum 
keying speed it might be preferable to use a fixed 
bias or a cathode bias, instead of the gridleak ac
tion. Using a sharp-cutoff tube biased for class-A 
operation, a grid, plate, or output circuit limiting 
arrangement could permit the oscillations to build 
up to a given level under conditions of a maximum 
ratio of input to dissipated power. Above this amp
litude ]evel the ratio would sharply decrease. Such 
a circuit could raise the permissible keying speed, 
but since this is accomplished. by virtue of sudden 
changes in the circuit parameters, which changes 
always accompany to some extent any limiting ac
tion, an increased frequency instability and har
monic output are almost certain to result. Although 
a crystal oscillator should not be designed to be 
keyed unless absolutely necessary, experimental 
circuits have obtained keying speeds approaching 
400 words per minute. The higher the keying 
speed, however, the greater must be the frequency 
tolerance. 

Gridleak Resistance When Pierce Circuit Permit., 
Switching from Crystal to Variable LC Control 

1-306. It is often necessary to provide a variable
tuned, inductor-capacitor auxiliary circuit to per
mit emergency operation at frequencies other than 
those provided by the available crystals, or in the 
event of crystal failure. For this purpose it is often 
possible and is usually desirable to use the same 
vacuum tube that is used during crystal control. 
For example, a Pierce circuit could be readily con
verted to a Colpitts circuit simply by switching 
from the crystal to a tuning inductor, or to an 
inductor shunted by a variable capacitor. However, 
when such a conversion is made, the ratio of the 
stored energy to the power dissipation becomes 
much smaller than that during crystal control. For 
this reason, the maximum safe value of gridleak 
resistance is much smaller than during crystal 
operation. For output voltages comparable to those 
obtained with crystal control, the LC circuit em-



ploys gridleak resistances ranging fro 20,000 to 
occasionally 100,000 ohms. If the LC 1rcuit is in
tended to furnish a much greater o put than the 
crystal circuit, lower values of R may be neces-
my. Rather than require the rystal circuit to 
operate with small values of RK t would be prefer
able to connect an additional unt resistor in the 
grid circuit when switching to variable-tuning 
control. 

Gridleak Resistance When Used_ with Cathode 
Biasing Resistor in Pierce Circuit 

1-307. In addition to the voltage across the grid
leak resistance, part of the bias voltage can be 
furnished by an r-f-bypassed resistance in the 
cathode circuit. The cathode resistor protects the 
tube from excessive plate current should oscilla
tions cease, and has the additional advantage of 
reducing the grid current and, hence, the grid 
losses. The power expended in the grid circuit will 
be approximately equal to E,I. where E. is the 
total bias and I,. is the grid current. Actually, un
less an r-f choke is used in the grid circuit, the grid 
losses wiJI be somewhat greater than E.I, because 
of the a-c component of voltage across R11• As the 
cathode component of the bias becomes small, the 
grid losses approach 1.5 E,I, as a limit. See para
graph 1-296. The values of the cathode resistance, 
Rk, usually range from 100 to 1000 ohms. The re
actance of the bypass capacitor should be at least 
as small as Rk/10 at the lowest operating fre
quency. With Rk connected between cathode 
and ground, the d-c voltage developed equals 
( lb + I,) Rk; or app,oximately, IbRk. The total bias, 

Cp CR= 

R4 

= 

= 

RI c 
200K I 9 

r = B+ 

s.ctfon I 
Crystal OIK;illaton 

E., is still approximately equal to -../2' E .. The d-c 
grid current is given by the equation 

I.= 

1-307 (1) 

where E11: is the voltage across the cathode resistor. 

AGC USED WITH PIERCE OSCILLATOR 

1-308. Where space and cost permit, optimum out
put stability can be had when the oscillator bias 
is provided through an automatic-gain-control cir
cuit. Gridleak action can be effective in initiating 
oscillations, but the bias furnished through AGC 
should be of much greater magnitude in order to 
be of maximum effectiveness. A small increase in 
output voltage must cause a large inereal!le in bias. 
The use of AGC reduces the grid losses to a mini
mum and maintains a constant amplitude· of os
cillation. It is this latter feature that is, of course, 
of most importance - particularly so when the 
same oscillator is to be switched from one crystal 
unit to another. The voltage requirements for con
stant output without risking the overdrive' of any 
of the crystals are the same as those that apply in 
the case of manual adjustment of the output. (See 
paragraph 1-302.) An A-G-C circuit applicable for 
use with a Pierce. or Miller, type oscillator, is 
shown in figure 1-131. The oscillator output is amp
lified by V2 • The output of V, is then rectified by 
V". The oscillator bias equals the average rectified 
voltage across R". C, bypasses the r-f component 
to ground. If R3 were increased indefinitely the 
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bias voltage would approach in magnitude the peak ·· 
value of the V2 output voltage. R1t R,, and R, t:J,te 
not critical-each can be made equal to 50K;if a 
faster-acting gain control is required. Hoiever, 
R1 should be kept as large as possible. A~' e that 
the r-f losses in Ri. R,, and R11 are neg · 'ble and 
that C1, and Cg are approximately equal so that V 1 

is operating into a load im~nee apj)roximately 
equal to PI/4. Under these conditions gm will be 
the minimum and R" the maximum possible for 
sustained oscillations as long as the load capaci
tance across the crystal unit remains constant. The 
actual values of gm and RP are fixed by the vacuum
tube characteristics. Although the effective pa
rameters of the tube are directly dependent upon 
the peak-to-peak magnitude of the excitation, as 
well as indirectly through the bias, it can be said 
that to a first approximation the equilibrium RP 
and g"' are associated with a bias of more or less 
definite magnitude if the plate voltage is constant, 
and that approximately the same bias must exist 
regardless of whether it is developed by gridleak 
action or by AGC. Thus, the difference between 
AGC and gridleak control is not primarily in the 
magnitude of the bias, but in the amplitude of os
cillations. Gridleak action requires that the peak 
excitation voltage of V 1 be slightly greater than 
the required bias; AGC requires that the peak ex
citation voltage of V2 times the voltage amplifica
tion of the V2 stage be slightly greater than the 
required bias of V,. If the peak excitation voltage 
of V, is assumed to equal Erm, which, in turn, is 

assumed to equal EJ1111, ( ~- 1 ), and k2 is the effec
tive amplification of the V2 stage, then 

1-308 (1) 

or 

E,m -= I E,/k2 I 
Since Ee is approximately fixed, it can be seen that 

the amplitude of oscillations is only ~. as large as 

those that would exist by the gridleak method em
ploying the same plate voltage. This is not a de
sirable feature where large output is required, but 
from the point of view of ensuring a low crystal 
drive and maximum stability, an A-G-C circuit has 
great advantages. Although the equilibrium amp. 
litude is low, oscillations start as readily as with 
gridleak bias. AGC permits class-A operation with 
remote-cutoff tubes, and, since the limiting is very · 
slow-acting, very pure sine-wave outputs and ex
cellent frequency stability as well as amplitude 
stability is obtainable. 
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PLATE-SUPPLY CIRCUIT OF 
PIERCE OSCILLATOR 
1-309. For optimum frequency stability it is im
portant that the r-f impedance of the B+ circuit 
be as high as possible relative to the impedance 
of the tank. If C,/Cp = 1, the tank impedance 
equals PI/4. If the oscillator is intended to oscillate 
at only one frequency, or within a narrow fre
quency, range, it is generally preferable that the 
B+ voltage be fed through an r-f choke. This 
method affords a maximum impedance with mini
mum loss and minimum voltage at the B+ source. 
The inconvenience of an r-f choke is that its im
pedance changes with frequency, being inductive 
below its effective parallel-resonant point, and ca
pacitive above. As long as this effect does not 
change the effective value of C,, by more than ±10 
per cent, the total load capacitance wilJ not change 
by more than 5 per cent, if C11/Cp = 1. Within these 
limits the use of a choke is to be preferred. For 
wide frequency ranges, a resistor should be used 
in the plate circuit, such as R, in figure 1-131. It -
is desirable for this resistance to be as high as 50K, 
or higher, from the point of view of frequency 
stability. On the other hand, the larger the resist
ance the higher the B+ voltage source must be to 
provide a given plate voltage. Plate-supply resist- · 
ances on the order of 5000 to 10,000 ohms have 
one other important advantage besides permitting 
lower B+ sources. They load the oscillator tank so 
that differences in the resistance of the crystal 
from one unit to the next have very little effect 
upon the output impedance of the tube. Hence,. 
when a change is made from one crystal unit to the 
next, the output voltage remains approximately 
the same. 
1-310. The proper compromise in selecting a plate
circuit resistance depends upon the frequency-tol
erance limits. The plate-circuit resistance does 
afford a certain frequency-stabilizing effect that is 
not provided by an r-f choke, particularly so when 
age is used. The effect is one of reducing the 
change in Rv of the vacuum tube• caused by a 
change in grid bias. For example, if the bias be
comes more negative Rp increases, and lb, the aver
age plate current, decreases. There is then Jess 
voltage drop across the plate-supply resistor, and 
the resulting increase in plate voltage tends to de
crease Rp, thereby annulling part of the increase 
in R" due to the change in bias. The plate-voltage 
source should be regulated, if good stability is re
quired. Where the frequency deviation must be 
kept to a minimum, the oscillator may require a 
separate rectifier unit, filter circuit, and voltage-· 
regulator circuit. 



CHOOSING A VACUUM TUBE FOR 
THE PIERCE CIRCUIT 
1•311. It is no problem to find a vacuum tube that 
will permit a Pierce circuit to oscillate. Indeed, one 
of the major problems in tube circuit design is to 
prevent oscillations fr::,m occurring. With a crystal 
connected between the plate and grid of any vac
uum-tube amplifier, the stray capacitance in the 
circuit is usually sufficient to cause oscillations to 
build up. if the plate volt.age is not so high that 
the crystal is over.di'iven, the frequency stability 
of a stray-capacitance circuit may even be satis
factory for general-purpose use. Thus, the problem 
is not to find a vacuum tube that will work, but 
one that will be most satisfactory from the point 
of view of output stability and cost. First, a large 
tube is not necessary, since the Pierce circuit is 
not suited for large output. The choice of tube will 
depend somewhat upon the exact purpose of the 
osciUator and of the equipment of which it is a 
component. If the frequency tolerance is to be 
large, little thought need be given to fine points in 
the design, for the principal problem will be to 
keep the production costs to a minimum. A triode 
would be satisfactory, a 5K to 50K resistance in 
the plate circuit, a C«/CP ratio between 1 and 2, 
and a plate voltage sufficiently low so that the driv
ing power of the crystal does not exceed the rated 
level for any effective crystal resistance meeting 
the specifications. A high-mu triode generally pro
vides the better frequency stability because of its 
larger effective Rp, but. it will have a higher plate 
dissipation for the same output voltage. Of the 
high-mu triodes, probably the 6AB4 is to be pre
ferred as a simple unit, and the 12AX7 and the 
12AT7 as twin triodes. It is the medium-mu tube 
that has been the most favored by design engi
neers when a triode has been chosen. Of these the 
6C4, 6J4, and 7A4 single units, and the 6SN7-GTA 
twin unit are among the more popular. The 6C4 
and the 6J4 are to be preferred for high-frequency 
operation. Since the 7A4 and the 6SN7-GTA have 
approximately 4 p.,,.f capacitance between grid and 
plate, the 6C4, 6J4, 6.16, or the 12AU7, each with 
1.5 ,,.,,.f capacitance grid to plate, should provide 
the better frequency stability - particularly at 
high frequencies. The 7A4 and the 6SN7-GTA are 
generally more satisfactory for use in a Miller cir
cuit. Where greater frequency stability is required, 
a pentode should be used. A pentode has the ad
vantages of low plate-to-grid capacitance, greater 
R.,, and a screen grid whose voltage can be ad
justed independently of the control-grid bias and 
plate voltage, thereby permitting a greater range 
of adjustments in the plate characteristics. Con-
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ventional pentodes must be operated at reduced 
voltages, to avoid overdriving the crystal, unless 
rather high C,/C1, ratios are used. Subminiature 
pentodes have operating characteristics at their 
normal operating voltages ideally suited for crys
tal drive levels. The 1 U4 is one such type having 
a sharp cutoff. Among the miniature pentodes hav
ing a sharp cutoff, the 6AU6, 6BC5, and 6AH6 are 
tubes generally recommended for wide-band, h-f 
circuits. The 6CB6, although designed principally 
for television use at 40 me, should also be quite 
appropriate in crystal oscillator circuits. Remote
cutoff tubes are generally used only in special cir
cuits. For example, if a low harmonic output is 
required, such tubes could be employed in conjunc
tion with AGC. When the harmonic content is not 
of first importance, AGC is more effective if used 
with sharp-cutoff tubes, where a slight change in 
grid bias can make a much larger change in small
signal outputs than is possible if the slope of the 
E,.li. curve changes very gradually. Actually, re
mote-cutoff tubes, when used, are usually found in 
doubler circuits, because of the large second-har
monic component that is produced. Although 
class-B and class-C operation with sharp-cutoff 
tubes can produce even greater harmonic outputs, 
there is the problem of ensuring that a crystal of 
large R .. will not be overdriven if it is to be oper
ated in a class-B or class-C circuit. The output 
voltages of remote-cutoff tubes tend to vary more 
with crystals of different resistances than is the 
case when sharp-cutoff tubes are used. The reason 
is that in the former case the effective l 1, continues 
to increase as R. becomes small, since very large 
excitation voltages are required to override the 
cutoff point. On the other hand, the effective IP 
begins to decrease when class-B operation is ap
proached and such operation can be had with rela
tively small excitation voltages when sharp-cutoff 
tubes are used. If a remote-cutoff tube is desired, 
recommended types are the subminiature 1 T4, the 
miniature 6BA6 and 12BA6, the lock-in 7 A7, and 
the conventional-sized tubes such as the 6SK7 and 
12SK7. The mention of particular vacuum tubes 
here should not be construed as official recom
mendation ; they are named simply because they 
are the tubes commonly found in new equipment. 
The design engineer may very well find that the 
characteristics of other tubes are more appropri
ate for his needs. 

Pierce-Oscillator Design Considerations When 
Vacuum Tube with Very Sharp Cutoff is Used 

1-312. In making a preliminary approximation as 
to what the performance of a particular tube will 
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be if used in a Pierce circuit, it should first be 
kept in mind that the ratio 

= 
gm Rp ZL 
RP+ ZL 

1--312 (1) 

is the gain of the tube. If the gain = k, and if 

RP is 10 or greater, then 
ZL 

1-312 (2) 

or 

1-312 (3) 

Either equation (2) or (3) can be used to esti
mate approximately the grid bias for a given plate 
voltage, and vice versa, that can be expected if a 
particular tube is used. Assume, for example, that 
k = 1, that gridleak bias is to be used, and that 
the grid and load losses are negligible compared 
with the crystal driving power. In this case, the 
minimum expected Z1. will equal (min) Pl/4, 
which occurs when a crystal unit has the maximum 
allowable R. and is operated at the rated load ca
pacitance, C1 • Under these conditions, the maxi
mum permissible bias, as given by equation 1-293 
(2), is 

(max) E0 = - v'2P: / 2wC, ~ 
':'his maximum value of E,. is to be interpreted as 
a maximum that can be aUowed only if R~ is a 
maximum or if the output voltage is to be the same 
magnitude regardless of the value of R,. In this 
latter case, P,-m and R,m fix the output and bias 
limits for all crystal units of a given type. The 
constant output can be obtained in several ways: 
by the use of an actual or equivalent, parallel, plate 
load resistance that is small compared with the 
~inimum nonloaded crystal tank impedance; by 
the use of AGC, by the use of manual voltage ad
justments; or by other methods. The present dis
cussion concerns only the noncontrolled nonloaded 
circuit. If a crystal unit of maximum R~, being 
driven at the maximum drive level, is replaced by a 
crystal unit of smaller Re, ZL increases, and E1, and 
lg tend to increase proportionately, so that the crys
tal driving power, equal to I/ R., is greater than 
when R,. is a maximum. According to equation (3), 
insofar as it can be assumed that ,.. remains ap
proximately constant (in practice, ,.. decreases 
somewhat) R1, increases proportionately with ZL, 
so that although the equivalent generator voltage, 
-p,Eg, increases, 11, remains constant. Thus, Ip = 
g1nE,: = kE,/ZL = constant. In an actual circuit 
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where R1, > > Z1. and the vacuum tube has a very 
sharp cutoff, the effective l 1, increases up to the 
point that the tube is cutoff for approximately 
three-fifths of the negative alternation (three
tenths of the entire cycle). As the excitation volt
age increases beyond that point, Iv progressively 
decreases, although the total power supplied to the 
tank circuit continues to increase as long as the 
excitation voltage continues to increase. The con
clusions above are derived in the special case of a 
C.,/C1, ratio of unity, by assuming that for all prac
tical purposes the plate-current pulses are in phase 
with E1., and that Eb>> E,,. Figure 1-132 illus
trates different states of operation of the same 
oscillator circuit that can occur if crystal units of 
the same frequency but different values of RP are 
inserted in the circuit. A change from the class-A 
to the class-C state could readily occur if the crys
tal R. were reduced by more than one-half. The 
effective I,,m is defined by the equation 

1-312·(4) 

where P z,. is the power expended in the tank cir
cuit. Since Z1, is very small compared with R,,, it 
can be assumed that the sinusoidal component, E 1,. 

of the with-signal d-c plate voltage, e.,, is negligi
ble by comparison with the average value, Eb; that 
is, E., ± E1,n, = E.,. With this assumption we can 
treat 11,m, the value of the with-signal, d-c plate 
current, at the positive peak of excitation (e., = o) 
as a constant. The assumptions above also imply 
that very little grid current exists; otherwise, the 
larger excitation voltages would drive the grid 
considerably above zero at the positive peaks. With 
the peak instantaneous d-c plate current a con
stant, the total energy supplied by the power 
source progressively decreases as z,. and the ex
citation increase, since Ii., the average i,., becomes 
progressively smaller, whereas E., remains con
stant. (Actually, if the plate current is supplied 
through a resistor, a decrease in 11, causes Eb to 
increase somewhat. For the problem at hand, 
assume that a regulated B + is fed through an r-f 
choke.) Thus, it can be seen that as R~ becomes 
small the plate efficiency increases considerably. 
However, the efficiency of a crystal oscillator does 
not approach the high ratios of input to tank 
power that are obtained with conventional class-C 
power amplifiers and oscillators. The latter cir
cuits can operate at efficiencies of 60 to 90 per cent 
because E1>m approaches Eb in magnitude. The in
stantaneous power being dissipated in the tube is 
the instantaneous value of i11e0, and the instanta
neous power being delivered to the tank is ii,ep. 
When ib is a maximum, e11 = E1, Epm < < ep = 



Epm, so that most of power goes to the tank circuit. 
In the conventional Pierce oseiUator such high 
efficiency is not to be approached unless the C,/ C11 

ratio is to be made very large and Eb approaches 
in magnitude the voltage specifications of the crys
tal unit. Now, to obtain a maximum output with
out the risk of overdriving a randomly selected 
crystal unit, it wiH be useful to derive approxi
mate equations concerning the change in crystal 
power with a change in R •. The crystal power, we 
shaJI assume to equal the total tank power, PzL• 

In short, the problem is to be able to express P z,. 
as a function of R •. Ihm, Eb, and E,0 (the cutoff 
voltage) will be considered constants, and ip and e11 

are to be assumed to be in phase. First, we express 
the effective 11,m for each class of operation in 
terms of the constants above and the angles 4> and 
fJ, where appropriate .. (See figure 1-132.) As a 
safeguard against intermittent oscillations, which 
are most likely to occur when R. is a maximum, 
assume that the bias for maximum R. is to occur 
on the straight portion of the E,Ib curve. If the 

LARGE Re 

_j__ 11 ~ - t -
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oscillations are to build up at all, they must con
tinue to do so until the negative excitation peak 
at least extends into the lower bend of the E,Ib 
curve, for it is only beyond the straight portion 
of the curve that gm can change in order to seek 
its equilibrium value-that is, unless Rir is so small 
that equilibrium is reached by virtue of the in
crease in grid losses alone. With a large R, and 
a reasonably sharp cutoff, it is virtually impossible 
for oscillations to start if the amplification is not 
at least sufficient to increase the excitation to 
where the negative peak is very nearly equal to 
E,0 • Assume, then, that with R. = R,m, the oscil
lator is designed to operate approximately as 
shown in figure 1-132 (A). It can be seen intui
tively that 

1-312 (5} 

and with Cg/C1, = 1, considering only the unsigned 
magnitudes of the bias voltage, 

(Class A) Evm = Ee ""' Eco/2 l-,-312 (6} 
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----·- .. - . 

-+-· 
I ' tH 1 

t) rl'I,___ - - 11 -t .-- -1, 
I -- -t--t---

1tpJ __ / ,-~ 

! 
> 
0 
ii: 
<!> 

- (Al 

- tt I/_P_: -1 

~ Epm_A 

~ •,b --
- -

-r--L. fH--· 
' 

-
t CLASS- A BIAS 

~~'.+ -
i E\)m •c 

Ee- -t -,'~ -
' Q / 

Eco• - - -~ LJ_ 

t 
' --~ 1bm• 

- _,__ 

" 
'-il-~~~ 
;:-_L_ 1~ l lb-

0 
!1; I 

(APPROX) 

t 

(Bl I \ (Cl t 7 \ 
' I \ 1_J I \ 

I- -- ·~-- ! - _,_ - ,- - ,- ..(_ _' 7- >-

\ I I i \- 1--,- -t--•----

' -L-+-' . - I-·-

·--\ I -
I 

1 1-+ 1 -- \ ~--'='- ·- -
CLASS-AB BIAS CLASS-B BIAS 

-·- -7i"i - -- •- -r -7 ,,_ -- _,_ 

I 
\ J \ 

I 1 I 
I /J•1" Ee_,_ - - t-·>--

1-~ - - i( ~1,,-.. ;t;-. - ("_ -~ 
i t 

/I \ 
I ' I ,, J I i I ,,._,.....:.i I \ 

" I 
' .I ,._ 1r ---.j ~1"-29'--t 

I ' II I I 
I I I 

II ,: ,, 
I - - -- /' ..... ..fi-:-•--.J;:..+ -- -Jr\ 7- -~ -

Im =ff '""'"'I \ I 
, __ L r~:v I \ I 

--r I - - --- - --

ff~,.... i~f - - -1-

H-' . r -~--+- --
+= -·- 't I 

I 

~ 1- - - -

CLASS-C BIAS 

-t- - I "'i 7- -- -

f 

\ 

' 1 

_,_ -Ir - -- -- -·--I 

Ec • t --1 -- -
I\ ·~ I 

,.. 21r-,.., I\ I 
: ,, I 
I •-l ~ ,-- -I I 
I ,, .J 

: :, 
11 I l 

-'-1- ~-]'e-. ---I 

I \ i 
\11 

-- L- .ii ---
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so that 

(Class A) Pzt = 1pm Epm/2 - Ibm E00/8 

1-812 (7) 

Equation (7) represents the maximum possible 
crystal power if a tube is not to be driven beyond 
cutoff. Referring now to figure 1-132 (B), we shall 
assume that a crystal unit with an R., slightly less 
than the maximum is connected so that the bias 
is similar to that under AB operating conditions. 
Im represents the apparent maximum IP. It can be 
seen that except for the angle (1r - 2.;), when 
the tube is cut off, 

ib = Im (sin wt+ sin q,) 1-812 (8) 

where q, can be considered a constant. Now, 

Ibm = Im (1 + sin ,j,) 1-812 (9) 

so, on substitution in equation (8), 

. Ibm (. t + . ) 
lb = l + . sm w Sill q, smq, 

1-812 (10) 

Similarly, 

Eco = Egm (1 + sin q,) = Epm (1 + sin q,) 

1-812 (11) 

so that 

E . E • ., . 
ep = pm sin wt = 

1 
+ . (sin wt) smq, 

1-812 (12) 

Since no energy is being supplied during the time 
that the tube is cut off, the energy delivered to 
the tank per cycle is 

f t (r:<1>) lif_"'+~ 
ep 1b dt = w ep lb dwt 

t (-'1>) -,f, 

1-812 (18) 

where t = time in seconds. 
Thus, the energy delivered per second, is 

if_ ,r+<f> 11-•+• 
P zt = ; eP ib dwt = Zr ep ib dwt 

-,f, -,f, 

1-812 (14) 

On substitution of Ep and lb from equations (10) 
and (12), 
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p oo bm (. 2 t+ . "'- . t)d t E I 1_•+ • 
z,. == 2r(l+sinq,)2 -+ sm w sm.,,smc.i w 

1-812 (15) 

On integration, 

(Class AB) Pz .. = E.0 Ihm (r + 2 q, + 2 sin 2 q,) 
4r (1 + sin q,)2 

1-812 (16) 

No maximum exists for equation (16) with values 
of ,f, between O and ,,-/2. For class-A operation 
similar to that in figure 1-132 (A), ct, = ,../2, so 
that equation ( 16) becomes 

This checks, as is to be expected, with equation 
(7). For class-B operation, q, = 0, so that equation 
(16) becomes 

1-812 (17) 

Note that the power expenditure in the crystal 
unit for class-B operation is exactly twice that 
found for class-A operation. Since ~ under 
class-B conditions is equal to E,. (see figure 1-132 
(C) ), or twice the class-A value of~. then, be
cause Pzt = IpmE,,m/2, the effective 1pm at class B 
must be equal to the same effective value as at 
class A. Thus, 

1-812 (18) 

Also, since Epm = IpmZL, if Epm has doubled but 
lpm has not changed it can only mean that Zt has 
doubled. In other words, if the oscillator is de
signed to operate class A when R. is a maximum, 
it will operate class B when a crystal unit is in
serted that has an effective resistance equal to 
Rem/2. Equation (16) can be generalized to apply 
for aJJ operating states in which 2E.,.. is equal to 
or greater than E..-.,. For greater simplicity, ,f, 

should be replaced by (,,. - 8) /2, where 8 =.,, - 2,f, 
is the angle during which the tube is cut off. B is 
always positive, whereas ,f, would be negative in 
the case of class-C operation. Thus, equation (16) 
can be expressed 

(all classes) Pz .. === Eco Ibm (2,r - fi + ~n fJ) 

41r(1+cosi) . 
1-812 (19) 



The slope of this equation is positive for all values 
of lJ Jess than 2 .. , so that the power dissipated in 
a crystal unit always becomes greater as R. be-

comes smaller. By substituting cos : for sin ,t, in 

equation (11) and rearranging, we have 

so that 

2 Pz,. ( 9)/ 1pm = ~ = 2 Pz,. 1 + COS 2 Eco 
pm 

Ihm (211- - 9 + sin 9) 

2r( 1 +cos;) = 1-812 (20) 

Equation (20), unlike equation (19), has a maxi
mum when fJ is approximately 3,,,/5. That a maxi
mum (or a minimum) occurs between 6 = 0 and 
6 = .. is to be expected, since I...,, has the same 
value for each of those values of 6. This maxi-
mum is 

(max) 1pm = 0.54 Ibm 

Now, 

Z,, = 2 Pz,./ (lpm)2 

1-312 (21) 

1-312 (22) 

On substituting equations (10) and (20) in (22) 

ZL = 2r E • ., 
lbm (2r - 8 + sin 9) 

1-312 (28) 

Rearranging and substituting 1/4..,2C1
1Re for Z1., 

where C. is the specified load capacitance of the 
crystal unit, 

8 - sin 8 = 2r (1 - 4<&i2C. E00 R./Ibm) 

1-312 (24) 

Equation (24) is quite significant in that it pre
dicts the approximate angle during which a given 
tube will be cut off for a given value of Re. A 
Pierce oscillator designed so that the tube is oper
ating with a class-A bias equal to E,o/2 when Re 
is a maximum will have a value of fJ equal to zero. 
Thus, when R. = R..,., each side of equation (24) 
must vanish. For the r1ght-hand side to equal zero, 

This is equivalent to saying that 

1 ----= 
(min) Zt 

4 = Ibm = (average) gm 
(min) PI Eco 

1-312 (25) 
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which could have been predicted on the basis of 
equation (2). Assume that equation (26) holds, 
what will be the value of 6 when a crystal unit 
having a practical minimum value of R. equal to 
R.,,../9 is connected in the circuit? When Re = R_, 
the negative term within the parentheses of equa
tion (24) is equal to -1; with Re = Rem/9, the 
same term is reduced to -1/9. Thus, the maximum 
fJ to be expected is defined by : 

[(max) 9 for (min) Re] when: 8 - sin 8 = 16r/9 

1-312 (26) 

Figure 1-133 shows that equation (26) requires that 

(max} 9 = 16r/9 - 1 1-312 (27) 

In other words, when a sharp-cutoff tube is used 
and the oscillator is designed for class-A operation 
with crystal units of maximum R., the oscillator 
will be operating class C, with the tube cut off 
approximately three-fourths of the time, when 
crystal units of minimum values of R. are con
nected in the circuit. Equation (24) can be gen
eralized to define fJ with reference to any conven
ient value of R., simply by assuming that fJ = 0 
when R. = (ref) R •. Thus, 

9 - sin 8 = 2r [l - R./(ref)R.] 1-312 (28} 

or 

9N - sin BN = 2r (N - 1)/N 1-312 (29) 

where N (ref) R.,/R.N, fJ = 0 when R. = (ref) 
R., and 8-s is the value of fJ for the particular value 
of R. symbolized by R.,w The reference R. need 
not be the maximum permissible R •. For a given 
oscillator of Ci;/ Cp ratio equal to 1, ( ref) Re would 
be the value of R. that would cause the peak-to
peak excitation voltage to equal E.0 in magnitude. 
Assuming that (ref) R. = Rem, what then will be 
the ratios of PzL and 11.,. corresponding to mini
mum and maximum values of R.,? When 6 = 
16"'

9
- 9 , as given by equation (27), cos fJ/2 is 

very nearly -2/3, so equation ( 19) becomes 

(Class C max) PzL 

E00 lbm ( 2r - ~) E,o Ibm 

= 4r ( 1 - ~y = - 2-

1-312 (30) 

On comparison with equations (7) and (17), 
which give values of Pz. of E.olbm/8 and E,..I.,,.,/4 
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for class-A and class-B operation, respectively, we 
find that where there is to be no output control, 
the no-load tube voltage must be so chosen that a 
crystal unit of maximum R. is not driven at more 
than one-fourth the rated drive level, otherwise 
crystals of small Re will be overdriven. With a 
power ratio of 4 when the ZL ratio is 9, ,it can be 
shown quite simply that the I""' ratio is 2/3 and 
the Epm ratio is 6. 'l'hus, 
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~ 1-312 (34) 
2wC.~ 

where P..,, is the true drive-level rating. Since 
(max) E. will also be equal to E..,/2, approxi
mately, then (no longer continuing to treat E.., as 
a magnitude only) 

(max) E.o = -~ / wC, ~m 

(Class-C min) 1pm = Ibm/3 1-312 (31) 1-312 (35) 

and 

(Class-C max) Epm =:= 8 E00 1-312 (32) 

The plate dissipation in the tube should be of 
little concern unless subminiature tubes are used. 
In any event the plate dissipation is a maximum 
when R. is a maximum, so no thought need be 
taken for other than class-A operation. Approxi
mately, 

(Class-A) plate power = Ebh = Ebibm/2 

1-312 (33) 

FinalJy, the foregoing equations suggest that a 
Pierce oscillator employing a sharp-cutoff tube be 
designed for class-A operation on the assumption 
that R. will be a maximum and that the maximum 
permissible drive level is one-fourth its actual rat
ing. Under these assumptions, equation 1-293 (2) 
should be changed to 

(max) E. = 

At the same time, PzL ( = Ibm
8
E•0

) must not ex-

ceed P.,m/ 4. Consequently, 

(max) I - 2 P.m = 2wC - 1 2 P R bm - (max) I Eco I • V cm em 

1-312 (36) 

Equations (35) and (36) define the operating 
characteristics to be sought if a sharp-cutoff tube 
is to be used under conditions of maximum output 
for maximum stability. Remember, that equation 
(34) actually is an expression of the limitation on 
I,, the crystal current, and therefore upon EP and 
E,. As far as the self-excitation voltage of a truly 
sharp-cutoff tube is concerned, it will be difficult 
to keep this voltage from building up until it 
reaches into the bend near the cutoff point. For 
this reason, the first consideration is that Ib,n is 
not exceeded. As a safety measure, Ii, ... should not 
be greater than the value given by equation (36), 
even if the actual E,., is less than (max) E,.0 • The 
conclusions reached in the foregoing discussion 
are summarized in the following table. 

PIERCE-CIRCUIT OPERATING LIMITATIONS DUE TO CRYSTAL SPECIFICATIONS OF 
LOAD CAPACITANCE, Cu MAXIMUM PERMISSIBLE EFFECTIVE 

RESISTANCE, R .... , AND DRIVE LEVEL, Pem 

Plate Dissipation (max) = Ei,lt,m/2 Conditions are those for sharp-cutoff tube, negligible load 

E,. = vv.;; ... c. y21:C; gridleak bias with large R1 , C.-f C11 = 1, E1, > > Ep, R1 
> > (max) PI/4 (max) ZL, Class-A operation wher 

I11m = 2 P...,/1 E... I R., is maximum, and maximum permissible output. 

R., = Rem R..,./2 R.,,.,/9 

Epm, E..,., IE,!= I E.../21 IE ... ! 8 IE..,\ 
P,(=Pz.) - P,m/4 P,m/2 P .... -· 
lpm - loo./2 Ibm/2 Ibn./8 
Zt - (min) PI/4 (min) Pl/2 9 (min) PI/4 

gm - 4/(min) PI 2/(min) PI 4/9 (min) Pl 

(J - 0 ,.. l&r - 1 
9 

Operation - Class A Class B Class C 
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Pierce-Oscillator Design Considerations WMn 
Tube Cutoff Hu Below-Average Sharpness 

1-818. Unless a vacuum tube has plate character
istics resembling those of subminiature tubes 
when normal plate voltages are used, or unless by 
reducing the filament voltage such characteristics 
can be achieved, a Pierce oscillator tube must be 
operated at a plate voltage of from one-half to 
one-fourth normal. In so doing, it is very probable 
that the lower bend of the E.,11, curve will become 
rather extended compared with the straight por
tion to the left of zero grid volts. In this event, the 
tube exhibits the characteristics of a remote-cut
off tube, except that the cutoff voltage is one-fifth 
or less that of a normal remote-cutoff tube operat
ing at an equivalent reduced plate voltage. Where 
the cutoff is not sharp, it is quite easy for equilib
rium to be reached with peak-to-peak excitation 
voltages much smaller in magnitude than E,..,, and 
considerably greater ranges in R. of the crystal 
unit can exist before cutoff is reached. Thus, in the 
more usual case, the assumptions used in para
graph 1-312 cannot be made unless greater care is 
taken in the oscillator design to ensure a peak-to
peak excitation voltage equal to IE..,1 when R. is a 
maximum-an operating point much more difficult 
to locate and critical to maintain when a large 
steady decrease in the effective g., occurs well be
fore the cutoff' point is reached, and which may 
require very low plate voltages if the maximum-R., 
crystal unit is not to be overdriven. As a concrete 
example, suppose that the oscilJator is to employ 
a 10-me crystal unit of the CR-18/U type. At this 
frequency, P,m = 5 mw, R...; = 25 ohms, and 
C. = 32 pµ.f. On substitution in equation 1-812 
( 35), we obtain a (max) E.., of approximately 
-5V. By equation 1-812(36), this value of E,.., is 
to be obtained in a tube where the zero-bias, with
out-signal plate current is I11m = 2 ma. Such char
acteristics are not easily obtained with conven
tional-sized vacuum tubes. It may be necessary to 
operate at the given value of I11m, or slightly 
greater, and a cutoff voltage that is of a smaller 
magnitude than that indicated for (max) E,.., in 
equation 1-812 (35), in which case all crystal units 
used will drive the tube beyond cutoff. An alterna
tive approach is to operate at a larger than maxi
mum E...,, but, if this be done, a safety factor should 
be allowed by assuming that Ip is to be the same 
for all values of R.,. Although this will not be 
strictly true, the assumption is a close approxima-
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tion if the change in plate current between the 
values of E. = E..,/2 and E.., is very small com
pared with the change in plate current between 
E. = O and E. = E,..,/2. It can be seen that insofar 
as the effective Ip can be assumed to remain con
stant, E"' and hence E11, 111, E., and the crystal 
driving power, ls'R. - 1"1ZL, increase directly with 
ZL, or inversely with R •. The problem is to find the 
maximum permissible E., which, although apply
ing to extended-cutoff operation only when R. is 
a maximum, will not lead to a replacement crystal 
being over-driven if its resistance is less than the 
maximum. Again we assume a minimum R. equal 
to R..,,/9. In a manner similar to the derivation of 
equation 1-293 (2), we can say (max) E. (with 
(min) R.,) = 

(max) E., (for (min) R.,] = 
2wC • ..J (min} R. 

1-313 (1) 

Now, if equation (1) gives the bias voltage when 
a crystal unit of minimum R. is connected, usum
ing that 1,, is constant, the bias that exists when 
a crystal unit of maximum R. (= 9 (min) R.) is 
substituted will be one-ninth the value above. Thus. 

(extended cutoff max) E. [for R. = Rem1 = 
~ 1-313 (2) 

swe • ..J2 Rem 

If a gridteak Pierce oscillator is not to have a 
loaded plate circuit, nor an adjustable nor con
trolled output voltage, nor a sharp cutoff, equa
tion (2) gives the maximum bias that can be safely 
assumed when R. is a maximum. The output volt
age agreeing with equation (2) is two-thirds that 
given in paragraph 1-312 for a sharp-cutoff tube. 
If Ra is not large enough for the average E. to ap
proximate the peak excitation voltage, a maximum 
bias Jess than that given by equation (2) must be 
assumed. With large values of Ra, IE.I of equation 
(2) is the peak of the maximum excitation voltage 
when R., is a maximum, and IE,1 of equation (1) 
is the approximate peak when R., is a minimum. 
If a C11/Cp ratio other than 1 is used, equation (2) 
can be expressed more exactly 

(extended cutoff max) E. = 



1-313 (3) 

It should be understood that although equations 
(2) and (3) are derived from equation (1), it is 
wiser to select the vacuum tube and plate voltage 
upon the assumption -that the resistance of the 
crystal unit is a maximum rather than a minimum. 
Since the effective amplification factor of the tube 
cannot be expected to be constant for all values 
of R .. equations (1) and (2) will not both hold for 
the same circuit. If (1) is correct, (2) will indicate 
a value too low; if (2) is correct, (1) will indicate 
a value too high. Equation (2) therefore permits 
a safety factor in the event of an exceptionally low 
value of R .. Also, if the oscillator performs prop
erly with R. a maximum, it will almost certainly 
operate when R. is a minimum. The reverse is not 
necessarily true. 
1-314. Equation 1-313(1) is equivalent to a bias 
and output of the same magnitude as that obtained 
in paragraph 1-312 for sharp-cutoff conditions and 
minimum R.; but the bias and output of equation 
1-312(2) for R. = R_, when Eco is assumed to 
be significantly greater than 2E., are only two
thirds their equivalent sharp-cutoff values. In the 
case of the 10-mc CR-18/U crystal unit dis
cussed in paragraph 1-318, the (practical max) Ee, 

as given by equation 1-313(2) is-fv - -1.7V. 
For the smallest values of R., the bias will ap-

proach -15 V. Assuming that g .. - i,L (according 

to equation 1-312(2), when c./Cp = 1) and that 

ZL == (~i1 PI = 2 1 2 = 
4w C,. Rem 

1010 
== 2500 ohms 

4 X 6.282 X 8~ X25 

then, g,.. - 101/2500 = 400 ,.mhos when Re is a 
maximum. This is a very small transconductance 
to be obtained with a bias of approximately -1.7 
volts, and usually cannot be obtained at all with 
normal operating voltages except in the case of 
the small battery-operated tubes. The 1.7-volt 
maximum bias represents a peak-to-peak excitation 
maximum of 8.4 volts. With an average gm of 400 
,.mhos, the limiting value of l11a1 (- 21_ - 2gmE.,..) 
becomes 1.4 ma, approximately. Only if age is used 
to provide a much larger bias than can be obtained 
with a peak-to-peak excitation of 3.4 volts will it 
be possible to have such a small zero-signal plate 
current without operating conventional tubes at 
greatly reduced voltages. Generally, it is easier to 
operate with a small. Eco and a larger I_, and not 
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attempt class-A operation. A large percentage of 
the crystal oscillators now in use drive the crystal 
units at a considerably higher level than is ad
vantageous from the point of view of stability and 
long crystaJ life. Much of the care otherwise taken 
in the circuit design can be wasted if the first 
consideration is power output rather than fre
quency control. Where a vacuum-tube manual 
recommends a particular voltage of power ampli
fier for use as a class-C oscillator tube, the typical 
operating characteristics listed are rarely appro
priate for . military-standard crystal units, but 
apply more usually to LC circuits. The plate volt
ages must be considerably lower. than the typical 
values indicated, in order to reach the small trans
conductances that must exist at equilibrium with
out overdriving the crystal unit. 
1-315. Assume that a crystal unit is connected in 
a Pierce circuit using a conventional triode oper
ating at its normal plate voJtage, and that the 
C.IC. ratio is near unity. The equilibrium values of 
gm and RP cannot be reached until the amplitude is 
great enough for the tube to be operating class C, 
and the crystal unit will almost certainly be over
driven. There are four ways in which the circuit 
can be adjusted to prevent this overdrive: (a) the 
plate voltage can be reduced, (b) the filament volt
age can be reduced, (c) the c.;c,. ratio can be in
creased, or (d) the load losses can be increased. Of 
these methods, the first, reducing the plate voltage, 
seems to be the best from the point of view of 
frequency stability, although a reduction of the fila. 
ment voltage may be worth consideration. Very 
possibJy, if the filament voltage is decreased suffi
ciently to lower the zero-bias transconductance to 
as much as one-fifth its normal value, the oper
ation of the circuit will become unduly sensitive 
to slight fluctuations in the filament power supply. 
The only data available at this writing is that re
ported by Messrs. Roberts, Novak, and Goldsmith 
of the Armour Research Foundation of Illinois 
Institute of Technology. Experimenting with a 
6C4 tube and a 7-rnc MilJer circuit, it was found 
that a SO.percent decrease in filament voltage, 
which is equivalent to decreasing the filament 
power by approximately one-half or more, depend
ing upon the temperature coefficient of the filament 
resistance, caused only a 2.5-cycle rise in frequency. 
(In a Pierce circuit the frequency would have de
creased.) This effect on the frequency is very 
slight, but the exact decrease in the r-f plate cur
rent is not known. Nevertheless, the evidence is 
sufficient to suggest that if the tube character
istics are made suitable for a crystal circuit by 
reducing the filament voltage, any instability 
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caused by further fluctuations in the filament volt
age would appear primarily as variations in the 
output voltage, rather than as variations in the fre
quency. In view of the fact that a reduction in 
filament current permits a greater saving in power 
than does a reduction in plate voltage (and length
ens the tube life), this approach to the problem 
may well be worth experimentation. The conven
tional approach, however, is to operate with a low 
plate voltage. If a Cs/ Cp ratio on the order of unity 
is to be used, the average tube will require plate or 
screen voltages of 40 to 50 volts, or less. The lower 
the voltage, the nearer class-A operation can be 
approached at equilibrium. A fair approximation 
of the operating conditions to be expected can be 
made from an inspection of a family of plate-char
acteristic curves. With Cir/Cp = 1, the peak-to-peak 
variations in plate voltage are the same as those 
of the excitation voltage, so for all practical pur
poses the plate voltage can be assumed to be con
stant. Thus, the load line can be assumed to be 
vertical, and the maximum and minimum ampli
tudes of lb for a given plate voltage become the 
values, respectively, for . grid voltages of O and 
2Egm, where Ecm is the peak excitation voltage. For 
the 10-mc crystal unit taken ,11s an example above, 
it was found that the peak-to-peak lp for a maxi
mum Re was 2 \gm Eel 1.4 ma. The correct plate 
voltage for a given tube is thus the value of Eb at 
which a change of grid voltage from O to -8.4 
volts causes the plate current to decrease by 1.4 
ma. This type of operation-class A to class AB
is generally more feasible when age is used, if it is 
desired to apply for aJJ values of Re• 

PIERCE-OSCILLATOR DESIGN CONSIDERA
TIONS FOR Cv/C,, RATIOS OTHER THAlv ONE 

1-816. When the Gs/CP ratio is not approximately 
equal to one but the total load capacitance meets 
the crystal specifications, gm is increased, and gen
erally it will be 1Jasier to obtain desirable vacuum
tube characteristics at more convenient plate volt
ages. The first step, as before, is to theoretically 

Jimit the peak of the crystal current to ~ 
when Re is a maximum. The pe.ak excitation volt-

age, E..,., equals"'~•~ under these conditions. 

Epm equals ... ~ ~ ; gn, equals c./Ci$L: 1pm 

equals gmE.,... With these values taken as a start 
we can retrace the steps taken·in paragraphs 1-812 
and 1-318, and determine the values of Ibm and E.,. 
that do not permit the crystal to be overdriven 
for any value of Re between Rem and R.,../9. 
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FINAL WORD ON CORRECT LOAD 
CAPACITANCE IN THE PIERCE CIRCUIT 

1-317. A prime purpose of the military specifica
tions regarding the Joad capacitance, effective re
sistance, drive level, and frequency tolerance of the 
different types of crystal units is to guarantee the 
replacement of a defective crystal unit in the field 
without special testing or ot.her complications, and 
with the same ease that a defective vacuum tube 
can be replaced with a new tube of the same type. 
However, a crystal unit is more critical in its per
formance than a vacuum tube. As a result there 
can be no replacement guarantee unless the new 
crystal unit is inserted in a circuit where it will 
be operated under approximately the same load 
and drive conditions at which it has been tested. 
An inspection of the various types of oscillator 
circuits now in use, such as those illustrated in 
figures 1-185 to 1-188, most of which have been 
designed around the older types of crystal units, 
reveals a much greater versatility in operating 
conditions than is now desired in the design of 
new equipment. One of the requirements that is no 
longer within the jurisdiction of the design engi
neer is the effective IQad capacitance into which 
the crystal unit is to work. This means, that for 
a given nominal frequency and type of crystal unit, 
the crystal unit must exhibit a given inductive 
reactanee, Xe, equal numerically to 1/,..C., where 
c. is the rated load capacitance. Furthermore, it 
means that for each particular crystal unit there 
is but one frequency at which it is supposed to 
operate. This does not mean that all crystal units 
of the same type and nominal frequency have a 
single common operating frequency, rather that 
each has its own individual frequency, which, how
ever, will not differ from the nominal frequency 
by more than the permitted tolerance. It is the 
effective operating reactance that the crystal units 
must have in common. Approximately, 

x. = 4rLM (Equation (1), figure 1-98) 
l + "1rLM 

Xco 

Now, A.f = f .. - f., where f" is the operating par
allel-resonant frequency and f. is the series-reso
nant frequency of the motional arm. Assume that 
a 10-mc parallel-resonant crystal unit has a fre
quency tolerance of ±0.02 per cent. This is equiv
alent to an absolute frequency tolerance of ±2000 
cps. Two crystal units at opposite extremes could 
be within specifications even though their oper
ating frequencies, fp1 and fp1, were 4000 cps apart. 



If the rated load capacitance were 32 H-f and the 
crystals were A elements, Af, itself, for each crys
tal would be on the order of 2000 cps. If the 
crystals were B elements of the same shunt ca
pacitance, C.,, Af for each crystal would be only in 
the neighborhood of 800 cps, because of the B ele
ment's larger series-arm inductance, L. It becomes 
obvious that there can be no expectation of "pull
ing" the frequencies together by making slight 
adjustments in the load capacitance. The lower
frequency crystal could not be raised to zero beat 
with a frequency 4000 cps higher without reduc
ing C. several-fold. The higher-frequency crystal 
could not even be "pulled" to the nominal frequency 
and oscillations still be maintained. For this reason, 
the design engineer should generalJy not attempt to 
provide an operator with frequency adjustments 
for the crystal oscillator. The only adjustments 
needed are those which can be factory preset, 
in order to compensate for slight differences 
in stray capacitance. If the frequencies to be gen
erated must be in close agreement with some 
standard, or with the frequency of some control
ling station, the task ia to provide oven-controlled 
crystal units of smal!er tolerance. Only when the 
desired operating tolerance is less than any pro
vided by crystal-unit specifications alone, is it 
necessary to provide the operator with a frequency 
adjustment knob. Even then, the adjustment need 
not provide a tuning range greater than the 
specified crystal tolerance. Since the smaller toler
ances are only 1/10 to 1/20 of the 0.02 per cent in 
the example above, the total variation in load ca
pacitance may not need to be greater than ± 1 O 
per cent of the specified capacitance. 
1-318. It may be desirable to provide an operator 
with the means of controlling the output voltage 

l 

------, 
I 
I 
I 

*C•• 
I 
I --------------• I 
I 
I 
I 

•c•t -.-
' I 
I u--------~- - ---.J 

fis,vre 1-134. Gonged capacitances to enable od;ust
ment of C,/C, ratio of Pl•rce circuit wltltovt cltanr,inr, 

total load capacitance 
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of a Pierce oscillator by ~arying the C,/Cp ratio. In 
this case, care must be taken to ensure that the 
total load capacitance remains the same. If C, and 
CP are to be adjusted separately, some type of 
matching scales should be provided with the two 
tuning knobs, so that the correct load capacitance 
can always be had when, say, the two scales give 
the same reading. It is more desirable to hav:e 
available ganged capacitors similar to those shown 
in figure 1-134 for each of the Military Standard 
capacitance ratings. The capacitors C, and C, in 
series are to be designed to always ensure a correct 
load capacitance when each is shunted by conven
ient predetermined fixed . capacitance. The small 
variable capacitances C3 and c. are adjusted until 
the sum of their values and the circuit stray capac
itances, C,1 and c.,, provide the correct fixed 
shunts for the ganged elements. 

MODIFICATIONS OF PIERCE CIRCUIT 

1-319. Figures 1-135, 1-136, 1-137, and 1-138 and 
their accompanying circuit-data charts reveal a 
great flexibility in the design of a Pierce oscillator. 
It would be very convenient to be able to put our 
finger on a single circuit and say that the design 
of this circuit is superior to all others. Unfor
tunately, this is not possible. One would first have 
to define what is meant by "superior design." The 
definition, at best would be a complex function of 
several physical and psychological variables. The 
very existence of a wide variety of circuit modi
fications suggests that no one circuit is superior 
to all others for all given tasks, although much of 
the variety can be attributed to the desire of the 
design engineer to create his own circuit and also 
to avoid the risk of possibly infringing upon the 
patent.rights of another. Our space does not per
mit a detailed discussion of each of the circuits 
shown. Only a few of the highlights are to be 
mentioned. In general, most of the oscillators illus
trated employ older-type crystal units; most of the 
circuits use B+ voltages on the order of 200 volts, 
and would overdrive the smaller-sized crystals cur
rently recommended ; and the load capacitances 
and the C,rf Cp ratios vary widely from one circuit 
to another. Those circuits that employ currently 
recommended MiJitary Standard crystal units 
( crystal units having nomenclature type numbers, 
CR-15/U and higher)· are designed to operate so 
that the crystal unit faces its rated parallel-mode 
load capacitance. In these circuits the plate sup
ply is normally 100 to 120 volts, and the crystal 
unit of average resistance is operated at 4 to 5 
milliwatts. 
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figure 1-135. Modification, of Pierce o,clllato, uun1 triode, 

Fig. Equipment Purpose F1 Fi Fa • CR 

(A) Radio Tl'allllmitter M.O. 729- CR-4/U 
T-14(A/B/C)/TRC-l 1041 (oven) 

(B) T-14(D/E)/TRC-1 M.O. 729-- l,n-4/U 
1041 (oven) 

( (.;) T-14H/l'K1.,-l M.o. 729-- l,n-4/U 
1041 (oven) 

(D) Test Oscillator ·1·est OSCIiiator 7211- l,11.-4/U 
TS-32(A/B)/TRC-1 1041 (oven) 

(E) ii:;-82( C /D )/TRC-1 Teat oscillator 729- vn• /U 
1041 (oven) 

(1'') Radio Trallllmttter M.O. z5oo- l'T•lll4 
T-177/FR 4000 (oven) 

(G) Radio -rranamitter M.O. l:IIW- 1'·1-164 
Assembly OA-60B/ 4000 (oven) 
FRT 

(H) .H.ad10 Transmitter M.O. ;ouvv- 1'"1'-164 
T-172/FR 4000 (oven) 

(l) Radio Transmitter M.O. 1000 Audio ro1rsc T-l25A/ ARW-84 (approx) for 
phase Otis 
mod. Elev. Co. 

(J} Radto 11.ecetver 2n:i oeating """" Entin 
WE D-99945 oscillator circuit 

in oven 
(K.) Exciter Unit M.O. l!SVO- 1' 1-2'11 

0-5/FR 6800 (oven) 

Circuit Data for Figure 1-185. F i». kc. R in kilohms. C In ,.,,J. L in i,b. 
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figure 1-135. Conllnuecf 

Fig. Equipment Purpose F, 

(L) 
I 

Receiver-Trans- "Side-step" 7662.5 
mitter RT-173/ injector oscil-
ARC-33 lato! 

(M) Receiver-Trans-
mitter RT-173/ 

Main channel 12,517.8 
local oscillator 

ARC-33 
(N) Lear Radio Set Local osctuator 655-

Model T-30AB- 7155 
RCBBL-2 

(0) Communication Local oseilla- 4755-
Equipment tor 3845 
AN/CRC-3 

(P) Radio Set AN/ Local oscilla- 4755-
VRC-2 tor 3845 

(Q) Radio Receiver Local oscilla- 1175-
R-114;VRC-4 tor 8175 

Fl 
650-715& KG 

RI 
68 

F, 

104,840-
192,280 

15,325 

455 
IF. 

4300 
(1st I.F.) 

4300 
(1st I.F.) 

1700-
8700 

R2 
0.66 

= 

F, 

(If! 

F,+F2 

F,-F, 

F1-F2 
or F2-
F 1 (455 

I.F.) 
.1''1-1''2 

or 
F,-F, 
(455 
I.F.) 
F,-F, 
(525 
I.F.) 

Circuit Data for Figure 1-135. Fin Ice. R in kilohms. C in 1111!. Lin 11h. 
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8+ 

R!CE:IVEO 
R-F 

SIGNAL 

CR 

e+ 

CR-18/U 

CR-18/U 

FT-243 

r 1-243 

Sig 2Z 
3531B 

R, 

47 

11 

'68 

0.33 

0.33 

50 

F2 

R, R, 

68 68 

470 33 

0.68 5 

47 150 

47 150 

0.4 250 



8+ 

C2:t C3l 

RI r 
CO! (Pl 

,,..,,. J - 'u. c-,,.--, 

R, R, c. c, C, 

68 18 5 

300 0 10 

18 10 250 250 

;,n 50,\l\ltl 2,000 50,000 

21 50,000 z,uvv 50,000 

ow 75 z,uw 20,000 Z0,000 
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fl 

RI Iu 
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= 
(R) (Sl (Tl IUl IYl (WI 

Fir. Equipment Puri--

(R) Reeeiver-Trana-- 2nd injector 
mitter RT-178/ 08C (rec 
ARC-27 pard channel) 

(S) .1Uee1ver-Trana-- ;;ma monitor 
mitter RT-173/ osc of trans. 
ARC-33 M.O. 

(T) .1Uee1ver-Trana-- 3ru_ monitor 
mitter RT-173/ osciilator of .M.O. 
ARC-33 

( IJ) .n.eceiver-Trana-- 4th monitor 
mitter RT-173/ oscillator of M.O. 
ARC-33 

(V) .Kece1ver-Trans- 1st t:-ans-
mitter RT-178/ mitter osc:illa-
ARC-27 tor 

(W) n.ece1ver-Tr&JU1.. 2nd trans. 
mitter RT-178/ oac ( hetero-
ARC-27 dyned with 1st) 

(X) Transmitter lat 1-l OSCII• 
T-217/GR lator 

(Y) Kadlo .n.ece1ver- Local ose 
Tra1111mitter in-Iver 
RT-XA-101/ARC-22 

(l.) S~al uenerator l"lne treq oac 
S 13/ARN for mixi,' with 

outputo -
f!'e(I oac 

r+ 

c=CR 

I 

F, 

15,950 

111 
410 

""""·--3900 

..,0.,.,... 
3800 

olT.1.917-
5181.25 

l:14!>0 

11i::oO-
9150 

1--
2894 
'IJOW-
10,500 

Narrow 
band 
within 
800--15,000 
ranee (10 
eryatala) 

F, -· 

F1 

14,400-
28,800 

Circuit Data for Fil'llre 1-135. Fin kc. R In kHohms. C in ,.,.t. Lin ,.h. 

168 

F, 

F2::i::F1 

-,-c:s 
..L 2.000 

11, 
u 

a+ 

IXI 

CR 

CR-18/U 

1.iK•Z7 /IJ 

l.iH.•27/U 

vA•ln/V 

\;H.•18/U 

CK-18/U 

vfl.•18/U 

1.iK-18/U 

R; 

100 

2zu 

llU 

u:u 

100 

100 

470 

47 

100 

R, R, 

0.12 0.560+ 

0 1 

0 l 

0 l 

0.56 100 

0.llti H 

0.1 Z.2 

zz 

0.15 33 



VI 
Fl !Hte 

SIIIOO•I0,500 KC 

RI 
47 

Cl 
22 

4.7 =rcR·IIIU I ca 

- -- -
(YI 

fllf'IIC4 -4, 820 

,z 
9500·10,50011: 

+150V 

CR•II/U c::, RIA 
100 

lfev,. 1 • 135. Coldlnuefl -= -= 

R, R, c, C, c, c, 

2, 100 3,000 0.3-3 

80 30 470 

16 Z1 47U 

27 llU 470 

20 380 3000 0 

7 8Z l!IIUII 1-8 

100 470 100 15 2000 2111111 

22 ,.1 low 820 

1.a 1 Us 2zo la\111 1500 

WADC Tl 56-156 

c. 

3 

2 

169 

R3 

fllf'l C3 ½ 150() 

VI 
11256'10 

2 

C, C, 

1500 '7 

R4 
LS 

!Zl 

L, 

500 

2000 

ZI/UU 

2000 

500 

500 

2111111 

~.r·1,; 

S.dion I 
Crystal Otdllaton 

!11,IOOKC 
A.,, 14,:~0-1 

-= 

All 
100 

FROM OUTPUT o, 
COARSE FREQUENCY 

OSCILLATOR 
I CIRCUIT (Ill IN FIG, 1-1)7) 

L, v, 

1/2 
12AT7 

1/2 
5670 

1/2 
5670 

t,lo 
1/2 

12AT7 

1/2 
12AT7 

1/Z 
12AT7 

5718 

½oow 

V, 

1/Z 
12AT7 

½ 5670 



Section I 
Crystal Oscillators 

TO FREQ MUI.TIPI.IER [!A) (Bl] .----F_1 _______________________ 1----

LI 

=CR 

RI 

8-1-

(A) (B) 

r -= 

C!I 

C9 

l---
TO FREQ 011/IOER [!Al] 
TO FREQ MULTIPLIER [1e1] 

= = 

Fl 
462.4&1CC 

lea = oopoo 

IC) 

RS 
22 

RI 
120 

B+ 

Figure 1. l 36. Modifications of Pierce oscillator using screen-s,rid tubes 

Fig. Equipment Purpose F1 F2 CR R1 R2 Ra R. 

(Al Radio Set AN 6' L-F ose for 625 WECo 250 1 l 20 
FRC-10 (WE o single-side- 7B 
Transmitter band opera-
D-156000) tion 

(B) Same as (A) H-F ose ior 940- WECo 100 1 10 
single-~1de- 5000 SAA 
band opera-
tion 

(Cl Switching BFO for two 462.45 50 120 22 500 
Unit SA-107 diversity re-
( )/MRC-4 ceivers 

(D) Radio Receiver BFO 462.45 F1 Bliley 100 470 100 4.7 
R-270/FRR SR-901 

(FT-
241A) 

(El Radio Receiver Local osc of 5675- 4F1 FT-243 470 1000 270 
BC-659-( ) receiver 8650 

Circuit Data for Figure 1-136. F in kc. R in kilohms. C in p,.f. L in i,h. 

WADC TR 56-156 170 

R& Re R1 

0 

5 

1000 



c, 

100 

Vari-
able 

100 

39 

1000 

Fl 
(4&2.45 KC) 

C2 

10,000 

10,000 

10-
100 

10,000 

10,000 

WADC TR 56-156 

. \ 

CT F2 ,------------------,--...,·• 
VI 

6SJ7 

= CZ 
) 

10,000 

(0) 

R2 
470 

C6 
100 

_,..c4 
_J.. 100 

figure I - I U. Continued 

Ca 

10,000 

10,000 

100,000 

100 

55 

·•· '· 

c. c. 

10,000 1000 

10;000 1000 

75 20,000 

100 95 

10,000 25 

5 

B+ 

RI 
470 

= 

c. C1 

250 50 

0 0 

100 5 

171 

M 

cs 
95 

VI 
l06112911 

R2 
1000 

Cs 

100 

0 

C5 

25 

LI 
1140 

~ 

B+ 1~~00 
A 

(El 

C9 L, 

10 200 

1000 0 

2500 
(25fl) 

1140 

Section I 
Crystal Osdllators 

F2 

C3 
55 L2 

MAX 

r~~ 
= 

Le v, v, 

RCA41 

RCA41 

6SJ7 6SN7 

6SJ7 

8 3D6/ 1LC6 
turns 1299 

5/8-in. 
dia 



Section I 
Crystal Oscillators 

(F) 

,,.,,,.. r- rx. Coatlnved 

Fig. Equipment Purpose 

(F) Radio Trans- M.O. 
mitter BC-
329-N 

(G) Lear Radio 
Set T-30AB-

M.O. 

RCBBL-2 

R5 •• 
8+ 

fl 
12.9 ·6.$ MC) 

10 I
c, 

F, 

200-
400 

2900-
6600 

F, 

RI 
470 

CR 

FT-249 

(H) Modulator- M.O. for 3966.6- 2F1 CR-lA/ 
Transmitter remote-con- 5666.6 AR 
T-233/URW-3 trol trans-

mitter 

(I) Modulator• M.O. 3966.6- 2F1 CR-IA/ 
Transmitter 5666.6 AR 
BC-1158 

(J) Radio Trans- M.O. 260- F, Holder 
mitter 12GLX-2 1750 FT-2'9 

R, 

100 

470 

47 

47 

100 

Circuit Data for Figure 1-136. F Ir, kc. R In kilohms. C in ,.,,.r. Lin ,.h. 

WADC TR 56-156 172 

(G) 

R, 

0.22 

0.1 

0.33 

0.33 

0.1 

R5 
7.5 

R, 

16 

100 

6.8 

6.8 

50 

(l7 270 _ 
LI 

st\ -=-r• 
MODULATOR 

R, R, R, R, 

10 66 5 0.022 

100 7.5 18 

30 27 0.0051 

so 27 0.0051 

386 25 



" 1:u-rr& MC) 

r 
C, c. 

100 10,000 

10 10,000 

5100 610 

5100 510 

50 3.5 

WADC Tl 56-156 

LI 

c. C, 

10,000 100 

2000 270 

10,000 2400 

10,000 2,00 

10,00C 500 

RI 

c::,CII 

1--r Cl 

" 
RU 

8+ 

c. C, C, 

100 10,000 10,000 

10,000 

2400 ,s '70 

2,00 ,s 470 

100 100,000 100,000 

173 

.. 
RZ !cs 

-=-

IH)(ll 

M 

-=-

a+ 

Section I 
c,,.tal O.dllafors 

,,..,. , _ r u. e..,,,,..,, 

C, c. L, L, v, v. 
10,000 18,000 18,000 6V6 807 

GT/G 

6L6 6L6 

'70 1/2 1/2 
815 816 

'70 1/2 1/2 
815 815 

Per 807 807 
F1 



Section I 
Crystal Oscillators 

Cl 
e:::>CR RI 

I M IC2 
RII 

= 
!Al CBI (C) 

= 
112 

C4 .l91"2 V2 
cs 

L2 114 

Fl 
(&.e-8.7 IC! 

... 
It+ 

!DI 

Figure 1-137. llectron-coupled Pierce oscillator modfffcafions. All circuits 
except circuit (A} provide frequency multiplication 

Fig. Equipment Purpose F, Fi Fa CR R, R2 

(A) Receiver-Transmit- sra;ctrum osc- 10,000 F1 CR-27/U 100 56 
ter RT-178/ARC-27 ii ator 

(B) Radio Receiver 2nd monitor 11,275- 1''1 liK-<13/U 8.2 68 
R-252/ ARN-14 osc of 11,725 

receiver vfo 
(C) Kadio Trans- M.O. for mar- 4166.67 2F1 l''T-164 200 35 

mitter BC-400- ker b,,acon 
(B,C,D,E) 

(D) Radio Trans- M.O. 5555- 2F1 61''1 GR-lA/AK 5.1 0.018 
mitter T-67 / 8666 
ARC-33 

(E) Radio Set Main-channel 5020- 21''1 l8F1 \;K-lA/AR 100 8.2 
AN/ARC-lA heterodyne 8120 or 

freq osc CR-18/AR 
(F) Frequency Meter Crystal 5000 21''1 Navy Cl.i- 1.5 100 

TS-186/UP calibrator 40210· GE 
1031 Ther-
mocell. 
6L6 tube 
envelope; 
heater;± 
0.002 per 
cent, -20 
to 1s•c 

(G) Frequency Meter Crystal 5000 21''1 \;K-18/U 1.5 100 
TS-186(B/C)/UP calibrator ~oven, 

o•C) 

Circuit Data for Figure 1-137. Finke. R in kilohms. C in ,.,.r. Lin ,.b. 

WADC TR 56-156 174 

RI 
O.OH 

Ra 

12 

0 

5 

47 

1 

loo 

100 

117 
47 

a. Ra 

100 0 

z.2 

20 0 

47 0.083 

100 

10 100 

10 H 



r, 
(5•1 MCI 

I_'~ .__~~-... ~o-'o-

R2 
8.Z 

-1 

(El 

fi9ure 1- 137. Continued 

Re R1 Rs c, C2 Ca 

20 220 2000 

22 150 1800 

22 100 1500 

10 47 0.039 100 10 100,000 

16 100 6000 

4-12 470 100 

6-36 470 100 

WADC TR 56-156 

Cl 
8-73 = 

R3 
I 

a+ 

Fl 

c=,CR 

I 

c. 

0 

0 

35 

33 

14 

470 

470 

Cl R2 

-= 

M 

RI 
IC2 

-= 

Cs Ca 

100 0 

470 1800 

1500 1500 

8-114 10,000 

2.5- 8-73 
9.6 

22 100 

22 51 

175 

F3 

F2 

-= 

(Fl (G) 

C1 c. L, 

1 5-7 500 

0 

0 1000 

100 51 2500 

51 1.1 

470 4-9 

4-9 

IC7 

L2 

0 

2500 

15 
turns 

35 
(7n> 

35 
(7{l) 

Section I 
Crystal Osdllaton 

v, V2 

6AG5 6AG6 

5654/ Discr1m-
6AK5 inator 

rectifier 
6L6 6L6 

6V6u1 6V6u1 

6AK5 6AK5 

6:SJ7 6SJ7 

6SJ7 6::!J7 



S.dion I 
Crystal Oscillators 

r 
,. 

11-9 IIC I 

RI 
IOO 

= 

VI 
U05 

Cl 
115 

_,.c1 
..,Ll20 

nt 
0.1141 

= (HI 

Flr,ure 1- 131. ConffftM 

Fig. Equipment PurpoeP 

(H) Aircraft Radio M.O. 
Corp. Radio 
Transmitter ARC 
Types T-13 and 
T-llA 

(1) Radio Receiver Local oacilla-
R-270/FRR tor 

(J) Radio Trans-
mitter BC-655-

M.U. 

A,-AM 

(K) !Yldto Transmitter M.U. 
BC-401-B 

Fl 

C4 

Rll RII 
H 100 

ICII 
R4 

= 7110 
0.18 = 

•• 

Cl ltl 
11-140 47 

F, Ft F, 

6000- SF1 
9000 

1965- F1, 
8511.6 2F1, 

or 
3F1 

5560- 21'"1 
8660 

1000- 2F1 
'575 

Circuit Data for Figure 1-137. Fin kc. R in kilohm&. C in ,.,.f. Lin ,.h. 

WADC TR 56-156 176 

ltl 

Ul 

CR R, R, R, R, R, 

CAATC 100 0.56 56 0.18 100 
t1081 

ttl.rl/U 47 27 
Holder 

U\J-11- 50 50 0.05 50 • ( ), DC-
16, DC-
26~r 
C 1( 
AR 

)/ 

100 0.51 



RI 
50 

(JI 

es 
IH9.ll 

Fl 
(1-4.9 MC) 

,,..,. J-137. Coaffnved 

R, R, R, C, C, C, c. 
35 120 120 ,o 

(T-13) 
50 

(T-11) 

100 9-140 10,111!\1 10 

10 50 !ll!OO 6800 

l.DU 6000 6vw 6uw 

WADC TR 56-156 

F2 

= 

= 
B+ 

C, c. 

750 100 

11- 100 
65.5 

6000 6000 

177 

RS 
g I

C7 

= •oo 

C7A C711 

:f.1000 

LIE ea L2 
zsoo ll60 

MAX 

'":'" -=-

KEYING 
BIAS 

IKI 

C, c. 
750 

6800 

lwv 350 

KEYING 
BIAS 

L, 

16,900 

25,000 
(1600) 

2000 
(500) 

2500 

L, 

25,uuu 
(1600) 

»-1/2 
tul'M 

S.dlon I 
Crystal Osclllaton 

v, v, 

6AQ5 6AQ5 

6AC7 llllU:er 

"'-'"'-' 11:AII 

1137 av, 



Section I 
Crystal Oscillaton 

LIB 

Fl 

Cl 

<=CR RI 

I = 
(l.)IM) 

'1:IT' y 1L2 

- -- -

VI 
HO 

= 

F2 

IO Oil C7 5 

90 103 
114 
Ill 

c( ~18,300•1~ i 

++--~11~3.._ .... ___ _ _ 
47 

Cl RS 
l!O 4.7 

H"I RI IC3A TC38 100 

t = 2000 

l' =-r•~, 500 

= R2 

Fls,ure J-137. Continued 

=0.15 

INl 

Fig. Equipment Purpose F, F, F, CR R, R, 

(L) Frequency Meter M.O. for sig- 5555 55- 2F1 Sig 2Z 100 40 
BC-638-A nal generator 86fl6.6 {?) 3501-llA 

(Bendix) 

(Ml Frequency Meter M.O. for sig- 5555.55- 2F, 100 40 
BC-1420 nal generator 8666 6 (?) 

(N) Radio Receiver Low freq 8150-9100 2F, <.:R-18/U 100 0.15 
R-540/ARN-14.C injection osc (20 

crystals) 
(0) Radio Set 

AN/ARC-34(XA-1) 
Sidestep ose 5275 F, CR-18/U 0.01 18 

(Pl Radio Set 1st monitor osc 833.333 F1 F1 CR-27/U 560 66 
AN/ARC-34(XA-l) of transmitter 

M.O. 

Circuit Data for Figure 1-137. Fin kc. R in kilohms. C in ,.,.r. Lin ,.h. 

WADC TR 56-156 178 

-=-

R, 

150 

150 

47 

3.3 

10 

R& 
100 

Y2 

+HOV 

R, 

0-2.2 

0-2.2 

18 

15 

1000 

R, 

4.7 

0.1 



f2 
521'5KC 

Fl 
527!11<.C 

33 IC' 
t:::>CR-18/U 

= 

10) 

flf,v,. 1-137. ConffnNd 

R, R, R, C, c, c, 

25 10,000 3000 

100 25 100 3000 

20 220 2000 

0.1 27 28 33 560 100 

1000 10 

WADC TR 56-156 

C5 

3 

Fl 
1133.333KC 

rm 

C, c. 

6-42 1000 
(each 
eect-
ion) 
6--42 1000 

(eaeh 
sect-
ion) 
10 8000 

10,000 3 

15 220 

179 

R7 

27 

-h 8ALA .. CEO 
=MODUL",TOR 

cea v2e 

F3 
8U.U!KC 

Section I 
Crystal Osdllators 

RI 
!!110 

R
3 

= ~riil,ooo 
LI 

I
cz 
10 1100 F2 

833.333KG 

TO GRID 
Of MIXER 

(Pl 

C, c, c. L, L, v, V, 

1700 7.5 6SK7 9003 
(40fl) 

1700 9.8 6SK7 9008 
(40fl) 

90 103 5 500 6AK5 

10,000 1.5-7 6639 Balanced 
modulator 

10,000 60,000 600 6636 



Section I 
Crystal Oscllloton 

R5 

lesa 

R6 Rl' 

,Ol (R) ($) 

,,.,.,,.. ,_ ta7. Continued 

Fig. Equipment Purpose 

(Q) Radio Set 2nd monitor ose 
AN/ARC-34(XA-l) of transmitter 

M.O. 
(R) Radio Set 3rd monitor ose 

AN/ARC-84(XA-1) of transmitter 
M.O. 

(S) Radio Set 4tll monitor ose 
AN/ARC-34(XA-1) of transmitter 

M.O. 
(T) Radio Set 2nd ose for 

AN/ ARC-84( XA-1) guard channel 
(U) Radio Receiver 

R-322/ARN-18 
Local OIIC 

(V) S~nal Generator Coarse fre~ 
S -13/ARN osc for mix ne 

with output of 
fine freq oec 

Fl 
13,025K() 

F, F, 

3230-3900 F1 
(6 
crystals) 
3650-3775 J/'1 
(4 
crystals) 
5130-5165 F1 
(Ii 
crystals) 
18,025 Fi 

11,490- 31'1 
11,700 
(20 
crystals) 
4800-9600 8F1 

(28 
cry11tala) 

-+t20V 

+130V 

f'2 

F, 

Circuit Data for Figure 1-137. Fin kc. R in kllohma. C in ,.,.r. Lin ,.h. 

WADC TR 56-156 180 

112 

SUPPRESSOR 
GRID IN IOI 

e~~~Ail 
ORIO IN 111 

VI 
5840 

IT) 

CR 

CR-27/U 

v.n.-27 /U 

'-'~27/U 

lltt,•18/U 

\JK•H/U 

v~l8/U 

TO 
~--------TUNED 

!llRCUIT 

R3 

4.T 

R, R, 

660 66 

660 56 

660 56 

560 0.56 

0.01 100 

100 0.15 

F2 
15,0HKC .. 

R, 

,.1 

4.7 

4.7 

4,7 

0.1 

100 

R, 

1.8 

us 

1.8 

lli 

18 

R, 

0,88 

0 

II 

1.111 



,., 

·••' 

VI 
SAKS 

R4 
UI 

RS 
IJI 

C6 

'l~x~;~,: 
•,·,;~ .... 

! Section I 
Crystal ,Psclllaton 

~:'f 

'---------• +UIOV 

IUI 

l'l 
4800-HOOl<C 

,..,. 1- 137. Conlln.-f 

R, R, R, C, C, C, C, 

1 0.'7 10 47 1000 10 33 

0 0 lo 47 luw lu 33 

0 0 2.2 47 1000 10 88 

luvu 22 ISll lU,uuu 

5 Z7 lwu 

2-7.5 6 IS'.: 

WADC TR 56-156 

YI 
6AK5W 

12 I
C3 

c. 
10,000 

10,uuu 

10,000 

lU,OUU 

1000 

ll4W 

181 

IVI 

Ri o.,. 

c. 

470 

470 

470 

1000 

P2 
14.,400•28,8()() KC TO MIX WITH 

CATHOOE-FOLLOWER 
OUTPUT OF FINE 

FREQUENCY OSCILLATOR 

~ ·-· ....... , __ , 

R4 
II 

I
C7 

-:- 1500 

c, c, L1 L, V, 

0 22 6000 5840 

12 0 oouu 5840 

10 0 ouuu 5840 

180 500 5840 

- Rl''v 6AKo 

1500 500 6AK5W 

v, 

5686 

06116 

OMII 



Section I 
Crystal Oscillators 

F2 C3 

---j----~ 
470 

RZ 
10 VI 

572li/llA56 

!Ill 

e+ 

fl 
!IMC) 

[ 

(Bl 

R2 
35 

8+ 

C3 

•Ol)0014 10 

R3 
100 FS ,Jcir 

Figure 1-138. F.l,u:tron-coupled Pierce oscillator modifications for heferodyne circuits 

Fig. Equipment Purpose F1 F2 F3 CR R1 

(Al Radio Receiver R-252/ARN-14 1st monitor osc 14,000- From iso- F2-F1 CR-33/U 10.4 
of receiver vfo. 20,500 Jation 

amplifier of 
vfo. 

(BJ Signal Generator TS-413/U Crystal harmonic 1000 Variable nF1 ± DC-9-AJ 1000 
heterodyne mixer rf F, (n"' 

1,2, .. ) 

(C) Radio Receiver R-146A/ARW-35 2nd heterodyne 5456 5000 F1-F2 FT-243 47 
ose 

(D) R-F Signal Generator Set Crystal calibrator 1000 10-50,000 nF,±F2 CR-18/U l 
AN/URM-25C harmonic generator ( output from 

and mixer variable osc) 

(E) Radio Receiver R-277 (XA-A)/ Local ose 400 Fi-Fa 300 CR-25/U 22 
APN-70 480 1100 (LF1) 

2850 (IF) CR-18/U 
2950 
3000 

(HFi) 

3050 

Circuit Data lor Figure 1-1:18. Fin ke. R in kilohms. C in ,.pf. Lin ,..h; 

WADC TR 56-156 182 

R2 

10 

35 

47 

270 

0.068 



FZ 
10-50,000KC 

1~1 

Cl 
1,000 

RZA 
270 

= 

c:~•e1ur 
IOOOKc; -::-

I¼ R. 

47 22 

100 10 

47 47 

30 100 

22 

WAOC TR 56-156 

VI 
ll!.$1;7 

Fl 
($4M !ID) 

(Cl 

RH 
270 

(0) 

Rs C1 

6.8 68 

330 

25 

IHO 1000 

47 

Rt 

47 

-= 

Ci 

27 

5600 

5-30 

6-25 

470 

IQ . ., IT 
lt4 
47 

8+ 

R4 

R-f 
SIGNAL 

100 

= 
10,000 

IC4 +240V 

C3 c, 

470 470 

10,000 1000 

55 50,000 

270 10,000 

100 47,000 

183 

F2 

'i. CLOSED 
ONt..F1 

POSITION 
ONLY 

!Cl 4T 

F3 
{•n Flt Fl?) 

Ci; 

47 

10,000 

flt 
2Z 

-=-

F3 

Section I 
Crystal o,cillators 

llOOK ANOIIOOJ«: 
------ TUNED CIRCUIT 

AHO 8't' 

8+ 

C4 
!47,000 

-= 
II CRYSTALS) 

D 400 KC 
Cll-1151U}LF1 {480 KC 

r8SOKC 
CR-18/U }HF a9SO KC 1 3000KG 

3050KG 

IE! 

flr,vre r- r38. Continued 

Ce L1 L; La V1 

1800 5725/ 
6AS6 

2500 6SA7 

12SA7 

2500 500 6BE6 

5750 



Section I 
Crystal Osclllaton 

Preventing B+ Voltage from Existing 
Across Crystal Unit in Pierce Circuit 
1-320. There are two commonly used methods for 
preventing the application of the B+ voltage 
across the crystal unit. One method is to connect a 
blocking capacitor in series with the crystal unit. 
The other method is to connect the crystal unit 
directly to ground, and the plate to ground through 
an r-f bypass capacitor. With this arrangement, 
the cathode must be operated above r-f ground. 
Except for the advantages of electron-coupling to 
the load to be had in the tri-tet circuit, which uses 
screen-grid tubes, the r-f-grounded-plate modifica
tion is not to be preferred since the plate-to-grid 
capacitance directlJ' shunting the crystal unit is 
greatly increased by the addition of the grid-to
ground capacitance. When a capacitor is used to 
block the B+ voltage from the crystal, a number 
of modifications are possible, three of which are 
shown in figures 1-135 (F), (G), and (K). In each 
figure, the blocking capacitor is the one labeled Ca. 
and has a reactance negligible with respect to that 
of the crystal unit. The more usual circuit arrange
ment is that shown in figure 1-135 (K). In figure 
1-135 (G), c. plays a dual function in blocking 
the B+ voltage from both the crystal and the 
grid circuit of the succeeding stage. The circuit 
in figure 1-135 (F), although not effective in block
ing the B + voltage from the crystal unit, does, of 
course, reduce the d-c potential across the crystal 
equally as well as the other arrangements. It is 
desirable to keep the d-c potential across the crys
tal unit Jow; otherwise the crystal may be heavily 
strained in one direction, and the chance is in
creased that the elastic limit of the crystal will be 
approached on the alternation· of the a-c voltage 
of the same polarity, or, at least, that the effect 
on the crystal will cause the performance char
acteristics to deviate from test specifications. Since 
the crystal unit, itself, is a capacitor of consider
ably greater dielectric thickness and smaller cross-
sectional area than the usuai blocking capacitor, 
it might seem questionable that the d-c voltage 
across the crystal unit could be expected to be 
significantly reduced. Certainly in the static state, 
an air-gap crystal unit should have at least as high 
a resistance to leakage currents as would the block
ing capacitor. However, in the dynamic state some 
degree of ionization will occur if the voltage is ex
cessive. The consequent leakage tends to charge 
the blocking capacitor to the full plate-to-grid d-c 
voltage. An unchecked B+ voltage not only can in
crease the likelihood of corona effects, but also can 
lead to continuous discharge should corona losses 
once begin, and to an increase in the effective re-
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sistance of the crystal unit, a reduction of the grid 
bias, and perhaps even to arcing and puncturing 
of the crystal. A blocking capacitor, if it does not 
remove the d-c potential completely from across 
the crystal unit, at least can ensure that the po
tential is not sufficient to cause ionization. A block
ing capacitor is generally more important in 
high-drive circuits employing air-gap crystal units. 

1-821. Figure 1-135 (X) shows one example of a 
grounded-crystal, grounded-plate Pierce circuit. 
At first glance such an oscillator might very easily 
be mistaken for the Miller type. Cs is a relatively 
large capacitance that causes the plate to be at r-f 
ground. C, is effectively Cp, the plate-to-cathode 
capacitance, and C, serves as the lumped part of 
C,. By interchanging C. and C, and making the 
ground connection of the crystal a plate connec
tion, essentially the same oscillator characteristics 
are obtained except that the B+ is across the crys
tal unit. Note that the circuit is designed for the 
maximum possible output voltage, in that the out
put is taken across the crystal unit directly, in
stead of across Ci. the effective plate capacitance, 
alone. The fact that the plate is at r-f ground does 
not remove the grid-to-plate capacitance from 
shunting the crystal unit, but adds to this the grid
to-ground capacitance. In the circuit of figure 
1-135 (R), a small tuning capacitance, c., is also 
shunted across the crystal unit. In addition to this 
there is the extra shunt capacitance contributed by 
the oven in which the crystal is mounted. In cir
C;Uit (R), the Ci/C2 ratio, which is approximately 
equal to the C,/Cp ratio, is on the order of 1/4. The 
gridleak losses are increased somewhat, since the 
grid resistance is connected across the crystal in
stead of across the grid capacitance. All these 
factors tend to reduce the effective Qt of the feed
back· circuit, so it would appear that with crystal 
units of greater than average resistance the cir
cuit operates with the tank considerably detuned 
from resonance. The fact is, however, that con
necting the grid resistance across the crystal 
serves to concentrate most of the grid losses in the 
plate-to-grid circuit and to eliminate them from 
the grid-to-cathode circuits, and this probably in
creases the effective feed-back Qt more than the 
increased losses diminish it. The circuit in figure 
1-135 (X) is similar to that in figure 1-185 (R) 
except that the tuning capacitance has been elim
inated and the output is obtained directly across 
the crystal unit. It is claimed that this arrange
ment tends to smooth the output and to reduce 
the harmonics. What probably is meant is that 
for a given output voltage the harmonic content is 
less. This can readily be seen, for the voltage across 
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the crystal unit is equal to the sum of the voltages 
across C1 and C,. If the same output is to be taken 
across either capacitance alone, the excitation 
must be increased and the circuit will generally be 
operated beyond tube cutoff a greater fraction of 
the time, thereby increasing the hig~r-harmonic 
content. It should also be noted that the output 
arm in figure 1-185 (X), since it shunts the crys
tal is effectively part of the feed-back .circuit. 
Sh~uld the load increase or decrease, so also will 
the excitation. The circuit is thus a tri-tet modifi
cation where the output voltage is somewhat 
stabilized against changes in the load, but only at 
the sacrifice of frequency stability. This feature 
is not important in the particular fixed-load cir
cuit of figure 1-185 (X), since the load in this 
circuit appears to be reasonably constant. 

Electron-Coupled Pierce Oscillator 
1-322. The electron-co!lpled oscillator permits a re
markable freedom from coupling between the plate 
load circuit and the crystal circuit. Screen-grid 
tubes are required, with the screen grid serving as 
the plate of the oscillator circuit. When electron 
coupling is used in conjunction with Pierce oscil
lators, the tri-tet arrangement, where the plate 
load circuit is in series with the oscillator tank, 
is generally the most advantageous, and is used 
in all the circuits shown in figure 1-187 except in 
circuits ( I) and ( 0) . With the screen at r-f 
ground, the vacuum-tube plate circuit performs as 
a conventional pentode r-f amplifier, with the ex
citation of the control grid a function of both 
the screen and plate r-f currents. Variations in the 
plate impedances have much less effect upon the 
frequency than do similar variations in the oscil
lator tank impedances. For this reason, even if the 
oscilhltor is to operate over a wide range of crystal 
frequencies, a tunable coil and capacitor tank can 
be placed in the plate circuit to obtain a smoother 
sine-wave output without running the risk of 
greatly changing the load capacitance of the crys
tal circuit. In effect, the electron-coupled oscillator 
reduces by one the number of amplifier stages that 
are required, and hence is particularly applicable 
for small portable transmitters where the crystal 
circuit must perform as nearly as possible the func
tion of a power oscillator. The widest application 
of the electron-coupled Pierce circuit is for the pur
pose of frequency multiplication. In figure 1-137 
(D), for example, the plate tank circuit is tuned 
to twice the crystal frequency. The L/C ratio of 
the plate tank should be as small as practicable, in 
order to increase the output selectivity and to en
sure a low-impedance bypass through the coil for 
the fundamental frequency and through the ca-
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pacitor for all harm.onics higher than the second. 
The larger the angle 8 during which the tube is 
cut off, the larger will be the percentage of the 
higher-harmonic generation in the output. In gen
eral, the lower the order of the harmonic, the 
greater is its energy content. For optimum output, 
the tube should not be heavily conducting during 
a positive alternation of the plate harmonic volt
age, Eb. During such intervals the plate tank would 
be losing energy to the circuit at an instantaneous 
rate of ibeb, where ib is the instantaneous d-c plate 
current and eb is the instantaneous harmonic volt
age across the plate tank. To meet the require
ments above, plate current should be allowed to 
flow only during the interval of approltimately one 
alternation of a harmonic cycle. Since the tube is to 
be cut on and off at the fundamental frequency, the 
plate tank, after receiving a pulse of energy dur
ing one alternation of a harmonic cycle, must 
oscillate freely for the remaining part of the.funda
mental period. If the frequency is being doubled, 
plate current should flow approximately one-fourth 
the time; if the frequency is being tripled, plate 
current should flow approximately one-sixth of the 
time. To generalize, if the frequency is to be multi
plied n times, optimum n'th harmonic output is 
approached if the oscillator is designed so that the 
tube conducts approximately 1/2n of each funda
mental cycle. In paragraph 1-312, it was found 
that for a given peak value of ib, (Ihm), the effective 
I1> was essentially constant for all bias voltages be
tween class-A and class-B operations, although a 
small maximum occured when the tube was cut 
off during three-fifths of the negative alternation. 
See equation 1-812 (20). If the plate load is con
stant, as is the case in the electron-coupled circuit, 
this point of maximum 11> coincides with the condi
tions of maximum output. If we assume that ap
proximately the same conditions hold in the case 
of frequency multiplication, maximum harmonic 
output is approached if the tube continuously con
ducts 7 /10 of the period of one harmonic cycle, or 
7 /l0n of the period of the fundamental cycle. Since 
the maximum is not at all sharp, the optimum 
operating conditions are l)Ot critical and can be 
assumed to extend over a range which permits the 
tube to conduct from 1/2n to 7 /lOn of the time. 
That is, for optimum output, the oscillator section 
can be designed so that the crystal unit of average 
resistance allows the tube to be cut off during a 
fundamental-cycle angle within the range given by 

(optimum) 8 = 11'(2n - 1) to '11'(10n .,.. 7) 
n 5n 

1-322 (1) 
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The principal advantage of the tri-tet circuit is 
that the excitation voltage tends to increase with 
an increase in load. If the output is to be inductively 
coupled to the succeeding stage, the tri-tet ar
rangement tends to stabilize the output voltage 
when the coefficient of coupling is varied. This fea
ture originally found its greatest popularity among 
radio amateurs, although it was used principally 
in conjunction with Miller rather than Pierce oscil
lators. Figure 1-189 shows the basic tri-tet circuit 
as applied to Pierce and to Miller oscillators. It is 
the adaptability to frequency multiplication rather 
than to variable load conditions, however, that is 
of greatest importance when considering the tri
tet circuit for use in military equipments. The tri
tet frequency stal:.ility is low compared with that 
of the conventional pentode circuit because of the 
large stray capacitance (approximately 8 p.p.f) that 
directly shunts the crystal unit. About 4 p.,,.f is the 
C11,c, of the tube, and the remainder is the capac
itance of the grid leads to ground, which otherwise 
would be part of c •. 

C9 •F 

= 

I ,, I -~j'M] 
8+ 

Miscellaneous Pierce Circuit Modifications 

1-823. Circuits (A) and (B) in figure 1-185 are 
of interest because they indicate two stages in the 
development of a particular modification of the 
Pierce oscillator. Originally L,, C,, C,, and R. were 
not present. Since no grid capacitance is employed 
other than that of the tube, the C,/C.. ratio is very 
small. The tube has approximately 4 p.,,.f capac
itance between plate and grid, and it may be as
sumed that the crystal oven adds a comparable 
amount directly across the crystal. In all proba
bility the phase-shifting Q, of the feed-back circuit 
is rather low, so that the tank can be expected to 
be more reactive than resistive. L, is resonant with 
C1 at the mid-point of the intended frequency 
range. If the feed-back circuit is operated with a 
high effective Q,, this value of L, should provide 
a zero phase shift in lp. In this event, the tube would 
operate into a resistive load, and a theoretical in
dependence of the frequency with changes in R11 

could be predicted. As it is, the low feed-back Qr 
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probably requires the crystal tank circuit to be de
tuned to such a point that at equilibrim it appears 
either as a reactance much greater in magnitude 
than that of the coil Li, or as a reactance approxi
mately equal to that of C., in which case the lagging 
component of the current through the crystal unit 
is negligible compared with the current through 
C1. Under these latter conditions, the tube would 
operate into a low-impedance, series-resonant cir
cuit at the mid-point of the frequency rltnge, where 
Xu + Xo1 = 0.-Ne~ertheless, it was found that 
oscillations could not be maintained dependably at 
the mid-point of the frequency range. It was for 
this reason that the changes were made in the 
models represented by circuit (B), as indicated in 
the data chart for figure 1-185. The tank circuit 
L.Ca is resonant at the mid-point of the frequency 
range. C, has been changed so that the reactance 
of the coil L1 is lower than the reactance of the 
crystal tank at all frequencies. R. has been added 
to dampen the effect of Li at the high end of the 
frequency range. It may be that the dead spot at 
the mid-point of the frequency range in circuit 
(A) was due only to transient effects in the crystal 
units before oscillations could build up, or it · may 
have been due to the fact that the feed-back Qt 
was insufficient to provide the necessary plate im
_pedance to maintain equilibrium even if oscilla
tions were once started. 
1-324. An interesting circuit is that shown in fig
ure 1-136 (D). The feed-back voltage is developed 
across c. by the r-f plate current. C., although of 
the satl}e capacitance as c., maintains the screen at 
r-f ground, since Ra is very large. The large value 
of R. keeps the screen voltage, and hence the out 
put, at very low values, so that the crystal is only 
weakly driven. 
1-325. The circuit shown in figure 1-186 (E) . is 
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intended to supply a fourth-harmonic excitation 
of the V 2 stage. For this purpose the CaL. tank is 
tuned to 4F1, A low L./Ca ratio is provided, to.en
sure that the fundamental is effectively bypassed. 
The cal)l\Citance 06 is kept small so as to present 
a high reactance to the fundamental, else the fun
damental would be entirely bypassed around the 
crystal circuit. 
1-326. The circuit shown in figure 1-136 (G) is 
something of a novelty in that a Pierce instead of 
a Miller oscillator is employed to directly excite the 
power amplifier of a small transmitter. The L:iC, 
arm is a neutralizing circuit which prevents the 
amplitude-modulated output stage from varying 
the effective impedance of the oscillator load. N'or
mally, neutralizing networks are not necessary for 
crystal oscillators. Only when the oscillators drive 
power amplifiers directly is feed-back neutrali
zation advisable. Even then, if the power amplifier 
is not modulated and performs as a frequency 
multiplier, neutralization is not necessary. 
1-327. The electron-coupled converter circuits 
shown in figure 1-138 embody more or less the 
same features previously discussed. The basic 
methods illustrated for obtaining a heterodyne out
put are more or less self-explanatory, and will not 
be elaborated upon here. 

Tlte Miller Osclllator 

1-828. The Miller oscillator is the crystal equivalent 
of a Hartley oscillator in which no mutual induct
ance exists between the plate-to-cathode and grid
to-cathode inductances. ( See figure 1-140.) The 
Miller oscillator has an average frequency devia
tion of approximately 1.5 times that of the Pierce 
circuit. The plate circuit must appear inductive in 
order that the correct phase shift will be produced 
in E1,, the plate r-f voltage, to compensate for the 

a, 
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figure 1-140. Oiaflra,na lllu11Ndlltf1 flte equivalence oetwNn tlte Miller circuit and the Hartley circuit 
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resistance in the feed-back arm, since this resist
ance prevents the necessary 180-degree phase 
rotation of the equivalent generator voltage of the 
amplifier from occurring entirely in the feed-back 
circuit. The effective load capacitance into which 
the crystal unit operates is, approximately, 

Cx = C, + ~ Zpa ~ z" ) 

1~28 (1) 

where Z,,1 and ZP are both considered as unsigned 
magnitudes, and the various symbols correspond 
to those in figure 1-140. Since the load capacitance 
is a function of the frequency, a Miller oscillator 
cannot be operated at more than one frequency and 
stiH present the same load capacitance to each crys
tal unit except by providing for an adjustment of 
the circuit parameters. In spite of its greater fre
quency instability and lack of circuit simplicity 
as compared with the Pierce circuit, the Miller de
sign is the one most widely used in crystal oscil
lators. The reason for this popularity is the greater 
output that can be obtained for the same crystal 
drive level. In either the Pierce or the Miller basic 
circuit, the output cannot exceed the voltage across 
Zn, the largest single impedance jn the plate tank 
circuit. In the Pierce circuit, the maximum voltage 
is thus the maximum permissible across the f!rystal · 
unit; in the Miller circuit the maximum voltage is 
(k + 1) times the maximum permissible voltage 
across the crystal unit, where k is the gain of the 
stage, equal to Ev/E11• This gain, theoretically (not 
practically), can approach the mu of the tube as 
a limit when the load impedance, ZL, is large com
pared with RP. Thus, the use of a Miller circuit 
permits a saving of one amplifier stage. 
1-329. The feed-back capacitance of the Miller cir
cuit is, normally, simply the plate-to-grid inter
electrode capacitance of the tube. It cannot, of 
course, be less than this unless an inductive shunt 
is connected between the plate and grid. When a 
pentode is used, it is usualiy necessary to insert 
a small feed-back capacitance on the order of a few 
micromicrofarads. The waveform in the output is 
improved by the use of a tuned tank circuit having 
a low L/C ratio in place of Li,. The plate tank must 
be tuned to a frequency above the oscillator fre
quency, in order that the tank impedance will ap
pear inductive. Such an arrangement also ensures 
a large effective LP of high Q. A variable capac
itance in the plate tank facilitates adjustments to 
obtain the correct load capacitance for the crystal 
unit. 
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MILLER-OSCILLATOR DESIGN 
CON SI DE RATIONS 

1-330. If it is decided to employ a Miller oscillator 
as a frequency generator, the choice should be 
dictated by the need of a greater output than can 
be obtained with a Pierce oscillator. An exception 
to this rule might be made if a tri-tet circuit is 
contemplated, in which case, the large capacitance 
that will directly shunt the Pierce-connected crys
tal may well prevent the stability from being as 
high as that of the Miller tri-tet circuit. The Miller 
circuit is the more critical to design insofar as 
maintaining the correct load capacitance is con
cerned, but the basic approach to the problem is 
the same as that which was followed in analyzing 
the equilibrium state of the Pierce circuit. Both 
oscillators are represented by the same basic cir
cuit, shown in figure 1-119. We shall not repeat the 
steps involved in the derivation of the equilibrium 
equations in the particular case of the Miller oscil
lator. The basic equations given in the following 
paragraphs can be used as points of departure in 
the design of any Miller circuit. Also, by methods 
similar to those employed in the analysis of the 
Pierce circuit, the design limitations of a Miller 
oscillator in which the crystal unit is to be oper
ated within specifications can be predetermined, 
approximately. 

MILLER-OSCILLATOR EQUATION OF STATE 

1-331. As in the case of the Pierce circuit, there 
are two equations that express the state of oscil
lation equilibrium in the Miller circuit. Originally 
derived by Koga, these two equations are the real 
and the imaginary parts of the general equation: 

1-331 (1) 

where 

and 

z, = Re. + jX.; Zp = jXp; Zpe = jXPII. 

R., is the effective resistance of the grid circuit, 
accounting for both the crystal and gridleak Josses. 
The losses in the plate circuit are assumed to be 
negligible. On solving equation (1), the real part 
can be expressed as 

_ R = xe rz,2 
(µ + 1) + x, x1111 

P R., (Xp + Xpa) 

1-331 (2) 

• 



Equation (2) defines the conditions that exist 
when the feedback power input equals the power 
dissipated in the grid circuit. The imaginary part 
of the equation (1) defines the frequency, or, more 
exactly. the impedance relations that must exist 
if the feedback is to be of proper phase. This is 
given as 

X _ X1, X1,., - R.11 R1, 

• - R,,Q .. 
1-831 (3) 

Where Q,, is equal to X.,/R, . .,, and X. = X1, + X11 + 
X,.,.. Equation (1) is the same as equation 1-289 
(1) except that the terms are rearranged and µ. 
is substituted for the product R1,gm. Equations (2) 
and (3) correspond to equations 1-289 (2) and (3), 
res(J'!ctively. If it is assumed that z. = X11 and 
that (X,, + X,,.,) ~ -X,,, equation (2) above can 
be simplified, thus: 

1-331 (4) 

Remember that X,, and X" are positive, and that 
X,.,, is negative. When equation (3) is rearranged 
as follows 

X X R Q x" x"" x 
It + P + cg/ g - ~Q = - PII 

p " 

1-331 (5) 

it can be seen that the effect of the tube RP on the 

frequency is a function of the term (i: ~:) only. 

LOAD CAPACITANCE OF CRYSTAL UNIT 
IN MILLER OSCILLATOR 

1-332. The load capacitance into which the crystal 
unit operates in a Miller circuit has been derived 
by Koga to be 

c .. = C,,. + Cpjl + Cv 1-882 (1) 

where C11 and C1,., are as represented in figure 1-140, 
and 

C - µ. Cea 
v - 1 + R/;x/ 1-332 (2) 

It appears that equation (2) gives a value to C,. 
that, for a Miller oscillator operated at the rated 
load capacitance of the crystal unit, is probably 
between three and four times too small for the 
average circuit. Equation (2) is derived from 
equation 1-331 (1), beginning by expressing the 
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latter equation in the following form: 

.!_+_!:._+ ' µ. =0 
z,. z,,,. z (1 R z RP ) ' •·• + ,,; ,,+z«+z" 

1-332 (8) 

It is next assumed that the term in parentheses 

1-332 (4) 

Such an· assumption not only implies that the 1:eed
back current is negligible compared with the r-f 
current through the plate coil, Li .. but that the 
feed-back impedance is so high relative to RP that 
R,./ (Z~ + Z,.,,.) is negligible compared with 1. The 
former implication requires that z,., the effective 
load impedance across the tube, be approximately 
equal to jX1,; the latter implication requires that 
X,,,,i - IX11i > > R,,. If the effective phase-deter-

mining Q, of the feed-back circuit is 10 or more, as 
is very likely to be the case when standard crystal 
units are operating at their rated local load ca
pacitance and C., is not excessive, then E1, must be 
very nearly in phase with -µ.E,,. Such a condition 
cannot exist simultaneously with equation (4) un
less R., < < X,, -an operating state that would be 
very undesirable from the point of view of fre
quency stability. If R11 is to have a reasonable 
value at the rated load capacitance of the crystal 
unit, the impedance of the feed-back arm cannot be 
greatly different from that of the plate circuit. 
Equation (4) would be sufficiently accurate for 
very low values of Q., and very large transconduct
ances for the tube; however, it would seem that 
for crystal units that are to be operated well above 
series resonance, the approximation of equation 
(4) should not be made. In this case 

1 + R()/Zp + z !pz = 1 + RvlZL 

II PII 11-882 (5 

and Z1• approaches X1,
2 /R-~ as R1, and Qg increase. 

Since Zr., as used above, represents an involved 
complex quantity, an exact expression of equation 
(2) will not be attempted here. As can be seen 
from equation 1-331 (5), if 1/Q. and X1,/Rp are 
each on order of 1/10 or smaller, X11 + x .. ..., IX,,il• 
On the other hand, if X1./R., is not small, the vari
able parameters of the vacuum tube and the varia
tions to be expected in the effective resistance from 
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one crystal unit to another will have such a large 
influence upon the effective load capacitance that 
there can never be an assurance that a crystal 
chosen at random will be operated according to 
specifications. In other words, a Miller oscillator 
cannot be designed to provide approximately a 
specified load capacitance unless Xi, + X 1, = 1x.,.1. 
Under these conditions 

1-332 (6) 

where 

Cxµ = c~(x: :xJ 1-332 (7) 

It must be understood that equations (6) and (7) 
assume that R1, is large compared with X 1., and that 
X,, is large compared with R,.~· For this latter con
dition to hold, the grid-to-cathode capacitance, Cc, 
must be kept as small as possible. If the assump
tions above cannot be made, it is not feasible to 
expect a Miller oscillator to operate at approxi
mately the same load capacitance for all crystal 
units, nor can good frequency stability be ex
pected. A more comprehensive capacitance equa
tion for the Miller circuit-one that holds approxi
mately for all operating conditions - can be ex
pressed as 

1-332 (8) 

where Cx.,' is given by equation (7), except that 
X1, is replaced by x .. ', where 

1-332 (9) 

It will be seen that X.,' ha~ been so chosen that 
equation 1-331 (5) can be expressed in the form 

1-332 (10) 

In the event that the plate circuit contains a ca
pacitance shunting the coil, equations (6) and (7) 
still hold ex~ept that X1, refers to the total parallel 
reactance in the L1,C1, branches. 

MAXIMUM Rp OF MILLER OSCILLATOR 
TUBE UNDER GIVEN LOAD CONDITIONS 

1-333. Referring to figure 1-141, R,. and R.., are 
defined as follows : 

Ro=E//Po 
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where P0 is the power dissipated in the output 
circuit, and 

1-333 (2) 

where P., is the power dissipated in the grid cir
cuit. If the gridleak losses are negligible, P" equals 
the crystal power and R.,.. equals the PI of the 
crystal unit. As can be seen from the equations in 
figure 1-141, either PI must be small or R,. very 
large for this assumption to hold. With R., large . 
compared with z,., 11, is approximately equal to 
g,.,E.,. We shall assume that X. = X" + X1, + X1.,. 

_, 0. Under these conditions it can be shown quite 
simply that in the circuit of figure 1-141, letting 
k = E1,/E11, 

k2 R.., + Ro 
gm= k R.., Ro 1-333 (3) 

For a given R,... and R0 , equation (3) has a mini
mum gm when 

1-333 (4) 

Since a maximum R1, coincides with a minimum 
gm, equation (4) also establishes the conditions for 
a maximum R1,. Now, R"" is a function of R. of the 
crystal unit, so that a circuit design using equa
tion (4) should be based on a most probable value 
of Rir.. (i.e., a most probable value of R.), which· 
will usually correspond to a value of Re between 
one-third and one-fourth of the maximum R~. 
Equation (4) should not be interpreted to mean 
that if R0 /R,. .. is adjusted to equal a fixed value of 
k1 , the g,., of the tube will therefore be a minimum 
relative to its values for other R0/R11., ratios. Such 
an interpretation would only hold true if the prod
uct R0 RJ:<' were constant. Where equation (4) 
holds, it can be shown that the ratio of output 
power to crystal power is 

1-333 (5) 

OPTIMUM VALUE OF k = E,/E. 
FOR MILLER OSCILLATOR 

1-334. Practical . values of k, unless a pentode is 
used, are limited by the plate-to-grid and grid-to
cathode interelectrode capacitances of the tube and 
the specified load capacitance of the crystal unit. 
If X1 = X11 + X" + X,,c - 0, then 

1-334 (1) 

and 

- Xpa = (k + 1) X 11 1-334 (2) 
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figure 1-141. Equivalent circuit of Miller oscillator. RP is assumed to be large compared with the total load 
impedance. R. Is an equivalent resistance accounting for the output losses. R,,,. is an equivalent resistance 
accounting for the crystal and grid losses; it is approximately equal to the resistance of tlte parallel circuit 

shown in (SJ. Pl is tlte performance index of the crystal unit; R,,' is tlte equivalent grid resistance; and R,, 
is tlte actual gridleal< resistance 

By equation (2) should be a maximum. With equation 1-831 (4), 
it can be shown that 

1-334 (3) 
where 

1 X11 = ---- , Xpa = - 1/ wC 1111 , 
w(C. - C,) 

c. = rated load capacitance, and C., grid-to
cathode capacitance. With triodes, values of k 
above 4 or 5 are difficult to obtain. If the oscillator 
is to be designed with no other feedback-circuit 
capacii;nces than those provided by the interelec
trode capacitances, C,.., and C11, of the tube, it can 
be assumed that k is a fixed parameter equal to 
the value given by equation (3). The output arm 
must thus be designed to provide a reactance, 
X,. ,_ kX11, if the crystal unit is to operate into its 
rated load capacitance. 
1-835. From the point of view of frequency sta
bility it is desired that the term (X,,X,,.,/R,,Q,c) in 
equation 1-331 (5) be as small as possible rela
tive to (X. + X,,), or, equivalently, to iX,tjtl• In 
other words, 

1-335 (1) 

Equation (1) indicates that as the fraction of the 
loop reactance (kR.-~/R,,) dependent upon R1, be
comes smaller, the effective amplification factor of 
the tube becomes greater. Intuitively from equa
tion (1) it can be seen that with Q,,X~ constant for 
a given vacuum tube and plate voltage, E .. , R11 must 
increase as k is made larger, otherwise ,,_ could 
not decrease. Nevertheless, the larger that k be
comes the smaller the value of R,./k. If k = l, a 
frequency stability almost approaching that of the 
Pierce circuit can be achieved, but with twice the 
output voltage. Lower values of k would soon de
tune the oscillating tank to a point where the 
simplifying assumptions made regarding k would 
no longer hold. 
1-336. Since the principal purpose of using a Miller 
instead of a Pierce circuit is to eliminate an am
plifier stage, and since E~ is limited to the maxi
mum voltage that can be placed across the crystal 
unit, the ratio E,,/E,. = k can be chosen to give 
a desired gain over that which would be o1~tained 
with a Pierce oscilJator operating at the same crys
tal drive level. E., in the Miller circuit can.-be as
sumed to be twice the E11 of a Pierce circuit that 
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has a k = 1. If an imaginary gain of 10 is desired, 
k for the Miller circuit should be equal to 5. For 
k to be 5, according to equation 1-334 (8) 

Cp~ = (Cx - C~)/6 

If C, = 32 ,,,..f and c. 8 µ,µf, C,,,, must be 4 ,.,.f, 
which is a value quite representative of the aver
age triode amplifier, or which could be obtained 
with a pentode by using a smaH external plate-to
grid capacitance. Equation 1-385 (1) can be re
written in the form 

1/Rp = gm - Rc.lkX,.2 1-886 (1) 

For k = 5, the value of 1/R,., and hence the per
centage effect of R1, on the loop reactance, will be 
a minimum the more nearly that gm can be made 
to approach in value R .. ,,/kX.1 = R, .• /5X.1• If the 

effective Q of the crystal unit, Q. - ;: , is equal to 

10 or more and if the gridleak losses are negligible, 
it can be shown that 

and that 

Xg = x. Xe.: 
Xe+ Xcg 

Thus, 

and 

Q., = X~/R.
11 

= X.(X. + Xe.,) 
R. Xcg 

X//R,., = X.2 /R0 = PI 

1-336 (2) 

1-336 (3) 

1-336 (4) 

1-336 (5) 

where PI is the performance index of the crystal 
unit. If it is further assumed that the output losses 
are negligible, the impedance of the crystal tank is 

Z - X.,2 
I - --• R,g 

k2 X/ = k2 PI 
R • ., 

Equation ( 1) can thus be written 

1 k 
g., - k PI = gm - Z 

l, 

1-886 (6) 

1-386 (7) 

If k is fixed by output considerations, the percent
age effect of R1, upon the loop reactance becomes 
a function of R1, alone, being a minimum when 
R1, is a maximum. If R,. is increased without limit, 
gm approaches k/Z,. as a limit, and the greater 
the PI, the larger will R,, become. In the case 
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of the Pierce oscil1ator, it wil1 be recaJJed that 
a maximum R,, was obtained by a proper choice 
of k. This optimum k was the one that provided 
the maximum excitation voltage. In the Miller 
circuit, the excitation is the voltage developed 
across the crystal unit, and thus is limited by 
the crystal specifications regardless of the value 
of k. The smaller that k is made, the smaller will 
be the effective R,., but, even so, the percentage 
effect of R,, upon the effective loop reactance will 
also be smaller. With k fixed by the requirement 
to eliminate an amplifier stage, the problem of ob
taining a maximum R,, becomes one of keeping the 
load requirements to a minimum, selecting the 
vacuum tube, determining the proper operating 
voltages consistent with the crystal specifications, 
designing a test model accordingly, and experi
menting for optimum results over the resistance 
range to be expected in the crystal units. 

OPERATING CONDITIONS OF MILLER 
OSCILLATOR PROVIDING MAXIMUM RP 
FOR Gll'EN Um• 

1-337. If the bias of a tube is supplied by age, the 
excitation voltage is small by comparison, so that 
the operating point of the tube can be theoretically 
estimated by consulting the R,, and g111 curves 
plotted against grid voltage. The operating bias 
for a given plate voltage would approximately be 
that giving values of R., and g"' that obey equation 
1-336 (7). Unfortunately, there are no curves 
available that indicate the effective R,, and g,.. for 
large excitation voltages where the tube is cut off 
a large fraction of each cycle. Nor has a theoretical 
basis been established for estimating the probable 
rates of change in R,. and g,,. as the excitation is 
increased under various circuit conditions. If time 
permits, experiments designed to furnish such data 
may gain for the engineer a valuable insight into 
the characteristics of his design models. Most 
probably the "dynamic" curves of R,, and g ... will 
correspond closely to the static curves. Yet the 
possibility exists that significant (.lifforences in the 
rates of change in the tube parameters may be 
discovered under certain operating conditions. In 
equation 1-.'136 (7) it can be seen that for any 
large value of R,., g ... very nearly equals k/Zr., For 
example, if R., = 0.5 megohm, the difference be
tween g"' and k/Z1. is only 2 micromhos. An R,, of 1 
megohm corresponds to practically the same value 
of g,.., the difference being only on the order of 1 
micromho. Thus, when It,, is large, g ... can be con
sidered more or less a circuit constant. During the 
time that the tube is cut off, R,, is infinite and g"' 



is zero. From the point of view of a large effective 
RP it is desirable that the cutoff angle be a maxi
mum. The larger the gm of the tube above cutoff, 
the greater can be the cutoff angle. A sharp-cutoff 
tube would be preferred for this purpose. It is also 
desirable to have R1, as high as possible above cut
off. For this purpose, a high-mu tube is to be pre
ferred. A theoretical estimate of the optimum 
relation between the values of RP and gm, for a 
tube of the same class-A mu, that provides a maxi
mum over-all effective R1, cannot be attempted 
here. However, it would seem that the emphasis 
should be placed upon the larger gm/RP ratio. The 
effective R1, of a pentode can always be increased 
artificially by inserting a high resistance in the 
plate circuit in series with the oscillating tank, as 
illustrated in figure 1-142. In testing a given tube 
for those bias and excitation conditions which pro
vide a maximum R,,. it may be preferable to control 
the bias independently of the oscillations, or by 
using an adjustable, r-f-bypassed cathode resistor. 
A crystal unit should be employed having param
eters known to remain constant over the experi
mental drive-level range. After the tube has 
warmed up, if the cathode bias is used, the cathode 
resistance can be decreased until oscillations begin. 
The cathode resistance can then be increased until 
the frequency is a maximum. The maximum fre
quency would ~e an indication of an equilibrium 
point of maximum R1,. In order for oscillations to 
be maintained in the event that all the bias is de
veloped across the cathode resistance and the ex
citation is insufficient to drive the grid positive, a 

R'p 

= 

I -

-
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small percentage decrease in the excitation ampli
tude must cause at least an equal percentage de
crease in the average plate current, and hence in 
the bias. Such operation will require that the tube 
be cut off for a large fraction of each cycle. An 
adjustable cathode resistance cannot be considered 
a particularly practical design feature, but it may 
prove advantageous in an experimental circuit for 
finding the operating conditions that provide a 
maximum R., for a given gm• 

FREQUENCY-STABILITY EQU AT/ONS 
FOR MILLER CIRCUIT 

1-338. Regardless of whether the circuit condi
tions are such that the effective load capacitance 
of the crystal unit is assumed to be given by equa
tion 1-332 (1), by equation 1-332 (6), or by 
equation 1-332 (8), the fractional change in fre
quency for a small change in any one of the equiva
lent component capacitances is given by the gen
eral equation 

df 1 dC. 
-f-= - Fxe . C:- 1-338 (1) 

where dCx is equal to dC.,, dC.,~, dC., dCx1., or dCx/, 
and represents an incremental change in any of the 
component capacitances, and F x,, is the frequency
stability coefficient of the c:;rystal unit, equal to 
2C1·'/CC,. (See equation 1-243(1).) If a tuning 
capacitor, C1, is connected across L1, in the plate 
circuit, and if equations 1-332 (1) and (2) are 
assumed approximately correct, it can be shown 

I 
a+ t 

-Figure 1-142. The large resistance, R/, connected in plate circuit effectively increases R,, of the tube. This method 
can be used to improve the frequency sta&llity of a Miller oscillator employing a screen-grid · 

tube and an externally connected feed-baclr. capacitance, Cw' 
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that for variations in C,., 

df 
-= - cp., 

c. 
2 µ w Cp R/ . dCp 

Fxe Xp (1 + R/ /X/) Cp f 

1-388 (2) 

where "' angular frequency. If the circuit is 
operating at maximum activity, in which case 
ZL = X,, = R1,, equation (2) becomes 

df 
f 

- Cpg 
c. 

Where equations 1-832 (6) and (7) can be as
sumed to be approximately correct, it can be shown 
that a fractional change in the plate reactance, Xp, 
causes a fractional frequency deviation of 

df = _ (C. - Cp.,) dX"_ 
CPI! Fxe Xp 

1-338 (4) 

If no tuning capacitor is provided to shunt the 
plate coil L1., equation (4) can be expressed in 
terms of a fractional change in L1,. thus: 

df = _ (C. - Cp.,) dLp 
f CPI< F Xe Li, 

If desired, equations indicating the frequency sta
bility when other parameters are varied can be 
de1·ived by following a procedure similar to that 
employed in the analysis of the Pierce circuit. 

MIU,ER CIRCUIT AS A SMALL 
POWER OSCILLATOR 

1-3:39. The ratio of the output power to the input 
power is given by the equation 

where k = E1JE., and R.,. e.nd R0 are the resist
ances represented in figure 1-141. In practice, ra
tios of R.,. to Ro can be obtained on the order of 4 
for crystal units of maximum effective resistance. 
If k = 5, this would mean a power ratio of 100. 
A 10-mw crystal unit could thus be used to develop 
a 1-watt output. Much higher power outputs, of 
course, can be obtained with crystal units of small 
values of R.. or of higher power ratings. It cannot 
be recomended that a crystal be driven beyond its 
rated power level, but if an exception should ever 
arise, the Miller circuit will require the least over
drive. If a larger drive level is necessary than can 
be obtained with Military Standard crystal units, 
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the cognizant military agency should first be con
sulted. It may be that one or more of the crystal 
manufacturers has available a nonstandard crystal 
unit with crystal dimensions and mounting suffi
cient to withstand the required drive-perhaps by 
operating with an overtone mode - without the 
risk of significant parameter variations. As a final 
resort, it will be found that most of the Military 
Standard crystal units can withstand, without 
shattering, drive levels from 10 to more than 20 
times the rated drive. If need be, power outputs 
greater than 35 watts can be obtained with the 
Miller circuit, using a beam power tube or a power 
pentode. It is much easier to obtain a large output 
from a high-mu than from a low-mu tube for the 
same crystal drive. Also, it is easier to obtain a 
large output from, say, a 50-watt tube operated at 
low efficiency, than from a smaller tube operated 
at high efficiency. An r-f choke must be used in 
the grid circuit if large output is to be developed. 
Furthermore, fixed bias that is sufficient to pre
vent the grid from drawing current must be used, 
so as to reduce the grid losses to a minimum. The 
voltage gain of the oscillator, k = Ev/E,, should 
be as high as possible. With proper design, except 
that the crystal unit is operating at tolerances 
greater than those specified for low drive levels, 
the Miller circuit can be made to drive a power am
plifier of 300 watts or more. Some crystal units can 
withstand as much as 120 ma r-f current and still 
be within the safe-operating range as far as shat
tering is concerned. A pressure-mounted unit is 
generally to be preferred at high drive levels, be
cause of the added protection it offers, and because 
its greater thermal conductivity permits the gen
erated heat to escape more rapidly. For maximum 
output, the oscillator must operate into an im
pedance matching the R1, of the tube. If a Miller 
oscillator is to drive a power amplifier, great care 
must be taken in neutralizing the feedback from 
the amplifier, or the crystal may easily be over
driven to the point of shattering-that is, unless 
the power amplifier is to serve as a multiplier 
stage, or if a screen-grid tube is used as the amp
lifier tube. The plate supply voltage for the oscil
lator can be as high as 350 to 650 volts, and that of 
the power amplifier, 1500 to 2000 volts. If a low
power (7.5 watts, approximately) oscillator tube 
is used, a fixed bias of 40 to 60 volts will be required 
for high efficiency. A 3.5 to 4.5-ampere current 
in the plate L1,C1, tank can be obtained under these 
conditions. A fixed bias is usually not necessary 
when a 50-watt tube operated at low efficiency is 
used. With the same plate voltage as for the low
power tube, a plate tank current of 4.5 to 7.5 am-



peres can be had. When a fixed bias is used, some 
arrangement must be provided to cut it in after 
oscillations build up and the negative peaks of Et> 
must be sufficient for plate limiting to occur at the 
positive peaks of E". When used as a power oscil
lator, the Miller circuit is often required to operate 
as a variable-tuned circuit, with a coil or tank
circuit in place of the crystal, the circuit thereby 
being converted into a tuned-plate-tuned-grid or a 
Hartley type oscillator.· Because of this, the vari
ous tuning adjustments and meters that are 
needed in the variable circuit are also available in 
the crystal circuit. In this event, the rated load 
capacitance of the crystal unit will usually exist 
more in theory than in application. Since the crys
tal is intended to be operated at high drive, the 
risk is greatly increased that a chance adjustment 
may overload the crystal to the shattering point. 
This risk can be minimized by the use of an r-f 
milliammeter in series with the crystal, with the 
danger zone well marked. Besides excessive plate 
voltage and stray feedback due to poor shielding 
or neutralization, a poorly bypassed screen-grid 
circuit can lead to an overloaded crystal, as also 
can an excessive control-grid bias. Now, no attempt 
should be made to design a circuit in which a crys
tal unit is to be operated above its rated power 
level unless weight, space, or expense requirements 
demand the elimination of every possible amplifier 
stage; unless greater frequency stability is re
quired than can be obtained with a conventional 
inductor-capacitor network; or unless a long oper
ating lifetime is not a primary consideration. Even 
so, if a Military Standard unit is operated beyond 
specifications, it should be well understood that it 
is no longer effectively a standard type, and no 
guarantee exists concerning the replacement of 
one crystal unit by another. 
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TYPICAL CHARACTERISTICS OF 
MILLER OSCILLATOR 

1-340. Figure 1-143 shows an experimental Miller 
circuit, the performance characteristics of. which 
were investigated by Messrs. E. A. Roberts, Paul 
Goldsmith, E. K. Novak, and J. Kurinsky of the 
Armour Research Foundation at the Illinois In
stitute of Technology. The crystal units used ai:e 
of the type CR-18/U. The crystal PI indicated for 
each of the characteristic curves (figures 1-144 to 
1-148) of the oscillator in figure 1-143 is the value 
observed when the crystal was operating into its 
rated load capacitance. The PI at the rated load 
capacitance indicates the relative activity of the 
crystal unit, but is not intended to imply that the 
same PI is in effect for all variations of the load 
capacitance. The curves in figure 1-144 indicate 
(excitation voltage)' and the output voltage as the 
plate tuning capacitance is varied. An increase in 
the plate capacitance means an increase in the ef
fective value of L1,, so that the frequency decreases. 
Thus, as CP increases (C2 in figure 1-144), the re
actance, X., of the crystal unit decreases. Oscilla
tions cease whenever the Q, of the grid circuit 
becomes too small for the proper phase rotation 
to take place, or the ratio of Xp/X1 becomes too 
high for the feed-back voltage to be of sufficient 
amplitude, or the plate tank approaches the paral
lel-resonant state, so that Ev can no longer assume 
its proper phase, which requires the plate arm to 
be an inductive reactance smaller in magnitude 
than the capacitive-feedback reactance. The per
centage points in figure 1-144 refer to percentages 
of the maximum output voltage that was obtained 
through variations of the plate tank capacitance 
alone. The six curves shown represent values for 
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an Eb of 200 volts with a full load of 5000 ohms, 
and for an Eb of 100 volts with full load and with 
no load. It is interesting to note that in each of 
the three pairs of curves the maximum grid volt
age occurs at a smaller load capacitance than that 
at which the output voltage is a maximum. For 
each curve where the plate tuning capacitance is 
the same, it can be approximately assumed that 
the load capacitance is the same. Also, between the 
values of C1, 75 and C., = 90 p.p.f, it can be as
sumed that the percentage change in Cx is small. 
Since the PI of the crystal unit is the same where 
the load capacitance is the same, the excitation-

711 •o 90 

voltage-squared curves indicate the relative crys
tal drive for the different Eb and load conditions. 
Also note that the two pairs of curves represent
ing full-load conditions coincide fairly closely at 
their points of equal percentages. This is impor
tant in interpreting the cur.es in figure 1-145, 
each of which represents 50 per cent output, and 
hence approximately the same load capacitance 
and frequency. Exceptions are the lOK curves in 
figure 1-145, as can be checked by figure 1-146. 
The performances curves in figure 1-145 are the 
Miller equivalents of the Pierce curves in figure 
1-180. It can be seen that the MiIJer output is much 
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more sensitive to changea in the grid reaiatance. 
Thia ia to be expected, aince the grid-to-cathode r-f 
impedance and excitation voltage ia much greater 
in the MiJler circuit. A crystal r-f voltage of 2 volta 
represents an excitation of 2 volts in the Miller 
circuit, but usually of only 1 volt or less in the 
Pierce circuit. If the curves in figures 1-130 and 
1-145 were plotted against excitation voltage in
stead of crystal driving pow~r they would be much 
more similar in appearance. 
1-341. The frequency curves in figure 1-146 are 
the Miller equivalents of the Pierce curves in figure 
1-129. Note that as R, is decreased the frequency 
falls, whereas in the Pierce circuit the frequency 
increases. Thia is one reason why the Miller circuit 
becomes so much more frequency sensitive to 
changes in R, when R, is small. As the Q. of the 
grid circuit is decreaaed because of a decrease in 
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R,, the effective Zi. across the tube must appear. 
more inductive in order for E, to shift in the 
correct direction to compensate for the decreased · 
phase rotation between grid and cathode. For this 
to occur, the net capacitive reactance of the feed
back arm must increase, which can only come 
about if the inductive reactance of the crystal unit 
decreases. Hence, the frequency falls, and in so 
doing, the Q., of the crystal and grid circuit be
comes smaller still, so that an additional drop in 
the frequency is necessary to compensate for the 
decrease in the crystal Q.,. In the meantime, the 
bias decreases and the :grid goes positive a larger 
fraction of the time. This tends to decrease R.,, 
which contributes even more to the drop in fre
quency. With all these effects adding in the same 
direction, the large frequency sensitivity of the 
Miller with changes in the grid resistance is ex-
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fir,u,. r-147, (A) Sqva,. of excitation volt09• and (I} rm• value of ovtput volt09• of experimental Miller 
oscillator versus plate tuning capacitance for various 1/C ratios of plate tanlc. Same cry.,al unit 

en was ulfHI for curves In figure 1-144 
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plained. The sensitivity is a maximum when Li, is 
a maximum, for then the frequency is a minimum 
and the crystal is operating nearest its series-reso
nant state. This fact makes an exception to the 
rule that the larger the effective Cx, the greater 
the stability. 
1-842. Of special interest in the curves of figure 
1-146 is the fact that those representing the 60.. 
per-cent-maximum-output adjustment show an in
crease in frequency with an Increase in plate volt
age, whereas the curves representing a maximum 
output voltage show a decrease in frequ~ncy when 
the plate voltage is increased, even though the 
same plate voltages are applied in each case. Now, 
in the Miller oscillator, the frequency increases 
and decreases in the same direction with RP. The 
plate characteristics of the 6C4 tube, the tube be
ing used when the curves in figure 1-146 were 
plotted, indicate a decrease in R1, as the plate volt
age increases. Thus, we should expect the change 
in frequency of the (max) E0 curves to be due to 
the change in R1, caused by the change in plate 
voltage. On the other hand, the oppositely directed 
change in frequency of the Jower-percentage-Eo 
curves must be due to an oppositely directed 
change in RP brought about by a change in the 
bias. A re-examination of the crystal voltage 
curves does indeed show at the 60-per-cent-Eo ad
justment that the grid excitation, and hence the 
bias, is near the maximum. In figure 1-145, it 
can be seen that for large values of grid resistance 
the changes in output voltage due to changes in the 
plate voltage cause a maximum variation in the 
crystal drive. The evidence is quite strong that 
there is an operating region between the oppositely 
changing frequency curves where the changes in 
R1, due to changes in Eb and E.. will annul each 
other. From an inspection of the crystal voltage 
curves in figure 1-144 we would guess that such 
operating points will lie on both sides of the maxi
mum-Ett region. Such a state of operation would 
be an example of "class-D" operation described in 
paragraph 1-298. 
1-343. The curves shown in figure 1-147 indicate 
the effect of variations in the L/C ratio of the plate 
tank circuit obtained by increasing the value of 
LJ in figure 1•148. Increasing L.i increases the im
pedance into which the tube operates, and thus 
increases the r•f plate voltage. This also has the 
effect of decreasing the frequency and the react
ance of the crystal unit. For this reason, the 
crystal voltage does not increase in the same pro
portion as the plate voltage. Much greater stabil
ity is obtained with )ow L/C ratios, but much 
greater values of Ep/E.,, and hence of power gain, 
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are to be obtained with large L/C ratios. Figure 
1-148 compares output-vs-drive curves for several 
different frequencies and values of PI when the 
same crystal units are used in both Miller and 
Pierce oscillators. Note that in the Pierce circuit 
the slopes of the curves consistently increase with 
an increase in PI. In the Miller circuit the tendency 
is for the slopes to increase with decreasing fre
quency primarily, and secondarily with the Pl. 
This may be due to the fact that the gridleak re
sistance used in the Miller circuit was smaller than 
that in the Pierce circuit. In any event, the average 
bias will tend to be less at the lower frequencies, 
since the grid charge has more time during a cycle 
to leak off. 

MODIFICATIONS IN DESIGN OF 
MILLER OSCILLATOR 

1-844. A number of Miller oscillators currently 
being used in military equipment are illustrated in 
figures 1-149, 1-150, 1-151, 1-152, and 1-153. The 
values of the circuit parameters, where available, 
are given in the accompanying circuit-data charts. 
None of the crystal units employed in these cir
cuits is now recommended for equipments of new 
design. Nevertheless, all the circuits shown can be 
modified in one way"or another and used with cur
rently recommended crystal units which have been 
tested for parallel resonance. The necessary modi
fications would be those that would ensure a cor
rect load capacitance and would not permit a crys
tal to be overdriven within the expected range of 
effective resistance. The circuits illustrated sug
gest the wide adaptability of the Miller oscillator 
for different output requirements and uses. It is 
not possible to single out a particular circuit and 
declare this design to be preferred. The engineer 
will need to design and test his own circuit for the 
particular requirements of the equipment in which 
his osci1lator is to be used. Quite often the type 
of vacuum tube or other circuit components most 
readily available influence the design. Unlike the 
Pierce, the Miller circuit must include a means of 
adjusting the plate impedance to ensure the cor
rect load capacitance for the crystal if the oscilla
tor is to operate to more than one frequency. In 
the circuits of figures 1-149 to 1-153, the switching 
arrangements of those circuits designed to operate 
over a wide frequency range are for the most part 
omitted. Most often, a separate plate coil is pro
vided for each crystal position. Because of space 
limitations in the circuit-data charts, occasionally 
two different components in a circuit having the 
same value or being of the same type are asaigned 
the same symbol number. · 
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Fig. Equipment Purpose F1 Ft Fa ,.. CR Ra 
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BC-738-DM 57'5 FT-:US 
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(B) Kad10 M.U. l:INI.I- ... HOl!leJ' ' 1W lo 0.6 10 

Trans- ,ooo FT-164 
mitters 
BC-339-
E-to-M 
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Circuit Data for Figure 1-151. Fin kc. R In kilohms. C in ,.,.r. Lin ,.h. 
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Fig. Equipment Purpose F1 F2 Fa CR R1 R2 Ra Ra Ra 
(A) Radio Re- Hetero- 8000- F1 41'1 CR-1( )/AR 6G 2.2 2.2 

ceiver and Se- dyne oscil- 9000 
lector BC- lator 
617-AZ 

(B) Radio M.o. and 6203.7- l"1 3l"1 \.il\-lA/AR 100 0.25 50 50 
Transmitters multiplier 6159.26 or 
T-3/CRN-2 DC-17-B 
and T-3A/ 
CRN-2 

(C) Radio M.v. li:00-- .l''t Holder luoo 1.5 0.001 6 17.6 
Transmitter 410 FT-16' 
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(E) Radio Sets Hetero- 7800-- 5l"1 NA ·CR-6/U 100 100 . ll'OV 0 
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Circuit Data for Figure 1-152. Fin kc. R In kilohma. C in ,.,.t. Lin i,Ji. NA: Not Applicable. 
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5.6 

L, 

00 

= 

v, 
6AG5 

6SD7 
GT 

112C 
VRl50·30 

V, 
6AG5 

6SG7GT 6SG7GT 

6SU7u, 6SD7u1 

6000 6000 6000 150 37 1000 10,000 6V6 VR150-
81) 

213 



S.dlon I 
Cryttol 01clllators 

C:7 f3 

1 

= I IAllll 

8+ 

ll9ure 1-153 Mlsceltaneou1 Miller-oadllafor modffkations 

' Fig. Equipment Purpose F1 F2 Fa CR Ra R2 Ra a. R• R,, R1 Ra 

(A) Galvin M.O. for 937.5 Fa Fa Motorola l 470 4.7 10 47 47 0.1 
Radio phase 1250 (mod.) FMT 
Trans- modula-
mitter tor eir-
PA-8218 euit 
P/0 AN/ 
CRC-3 

(B) Radio M.O. for 937 5 Fa F1 l 470 4.7 10 47 47 0.1 
Trans- phase l:.>50 (mod.) 

· mitter modulato1 
T-264/ circuit 
FRC-6A 

(C) Galvin M.O. for 375(1- Ft F1 Holder I 410 4.7 47 41 4.7 0.1 4.7 
Radio phase 5000 (mod.) FT-243 
Trans• modula-
mitter tor cir-
PA-824' euit . 
P/O AN/ 
CRC-3 

(D) Galvin M.O. for 3750- F1 Ft Holder l 470 4.7 47 47 4.7 0.1 4.7 
Radio phase 5000 (mod.) FT-248 
Trans- modula-
mitter tor cir-
PA-8026 euit 
P~O AN/ 
V C-2 

Circuit Data for Figure 1-153. F i11 kc. R In kllohma. C In ,.,.f. L in ,.h, unlees otherwise noted. 
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R3 

11-t 

Cl 
Fl 

c:::>CR r = 

Fig. Equipment Purpose F, 
(E) Cr1stal Calibra• 93.12 

Ca ibra- tion of 
tor TS- mile 
177/CPS-l range 

markers 
(F) Crystal. (.;a!ibra- · 93.12 

Calibra- tion of 
tor TS- mile 
241/CPS;S range 

markel'll 
(G) Calibra• Callbra- 80.867 

tor-Gen- tion of 
erator nautical 
Group mile 
OA-96/ range 
CPS-6B markers 

(H) l<'requency Crystal 1000 
Meter calibra• 
TS-174/U tor and 

hetero-
dyne 
circuit 

(l) Frequency t.:rystal 5600 
Meter calibra-
TS-175/U tor and 

hetero-
dyne 
circuit 

(J) I<'requency 
Meters 

l,;rystal 
calibra-

1000 

BC-221- tor and 
AG,-AK hetero-

dyne 
circuit 

F, 

F1 

1''1 

F1 

nF1 

nl/'1 

n1'·1 

= 
!El !Fl (Gl 

R6 

TO SYNCHRONIZE 
BLOCKING 0$C 

Flf,u,e I• 1.53. Contfnved 

F, CR R, R, R, 

F1 GE, 1000 0.012 18 
32C401G43 

F, GEi 1000 o.ou 18 
320401048 

F1 11)00 0 15 

20,000- .uv-9 1000 ts.75 0.071) 
250,000 

85,000- l,;~•lA/A~ 1000 0.H) 
1,000,000 

1000- JJ'-'•9-AJ...I lOUU 10 0.16 
20,000 or 

DC-9-P 

R8 

= 

R, 

1000 

1000 

1000 

1000 

1000 

600 

Circuit Data for Figure 1-163. F in kc. R in kilohma. C in µid. Lin ,-h, uuleea othvwise noted. 
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Two-Tub• Parallel-Resonant Crystal Oteillators 

1-:H5. Most of the two-tube oscillator circuits are 
design<id so that the crystal is operated at or near 
its series-resonance frequency. An exception is the 
multivibrator type of circuit in which the crystal 
unit is connected between the grid and cathode of 
one of the tubes. The basic circuit is shown in fig
ure l-154(A). If there were no capacitive effects 
to consider, E .. , would be 180 degrees out of phase 
with E.,, and the 180-degree feed-back inversion 
would be accomplished entirely by V,. In this case, 
the input impedance of V, would have to be purely 
resistive-that is, the crystal unit would operate 
at parallel resonance with the input capacitance. 
The proper phase of E,1 could also be obtained 
with the crystal unit operating near series reso
nance, and unless the V 1 input impedance were so 
reduced that oscillations could not be sustained 
under such condition there would always be the 
risk that the oscillator would jump from one equi
librium state to the other. In an actual circuit, the 
circuit capacitances will prevent V, from operat
ing into a purely resistive load, so that E111 slightly 
lags the equivalent generator voltage -µE.,. The 
larger the values of R., R,,,, R,,., C11 and C,r2, the 
nearer will the lag in E1., approach the 90-degree 
limit. If it is assumed that Ri-:, is very large com
pared with the reactance of the V 2 input capaci
tance, C~•• the phase of E112 is approximately the 
same as the phase of E,11• Also, if the ratio, C1/Cir2, 
is very large, the magnitudes of E.. and Ep, are 
very nearly equal. As can be seen in figure 1-154 
( B), the lag in E," causes the equivalent generator 
voltage of v., equal to -µE 11,, to lag E.1• The cir
cuit will oscillate at that frequency at which the 
crystal impedance creates the necessary phase dif
ference between Err, and -E112• Note, that except 

B+-

1 

l 
I Al 
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for the. possible coupling between the output cir
cuits of V, and V, because of the grid-to-plate ca
pacitance of V, (which can be made negligible by 
the use of screen-grid tubes), the phase of E11., 

and hence of -µE,,.,, is entirely independent of im
pedance changes in the V, plate circuit. Thus, to 
predetermine the angle fl in figure 1-154(B), it is 
only necessary to consider the V, stage as a con
ventional vacuum-tube amplifier circuit. In turn, 
the V, stage can be treated separately as an equiv
alent circuit driven by a generator of voltage 
-µE112• Th() design must be such that when the 
crystal unit is operating at its rated Xe, the voltage 
across the crystal unit differs from the equivalent 
generator voltage, -,.E~,, by the desired angle 8. 
If E,,, leads E,,21 as indicated in figure 1-154 (B), 
the feed-back current through C, will be very 
nearly in phase with E,,2 • The input impedance of 
V, will appear somewhat inductive, and close to 
series resonance with C2• The smaller that C, is 
made, the higher will be the frequency. If the plate 
circuit of Va is made inductive, E,,. (not by chang
ing ti) can be shifted to be more nearly in phase 
with E.,; however, such operation would tend tb 
become unduly critical. For example, assume that 
E1,2 were rotated to where it was in phase with E111 • 

This would mean that the phase of the feed-back 
current, I.,, with respect to E,,2 ·was equal to its . 
phase with respect to E,., and this in turn would 
require that the over-an Q of Z,1 and C2 in series 
be the same as the Q of Z11, alone-an impossibility 
unless C, is infinite. But C2 cannot be made large 
without the risk that the circuit will operate as 
an RC controlled multivibrator. Thus, in the cir
cuit of figure 1-154, E(). must lag E111 if oscillations 
are to be maintained. The smaller the phase dif
ference between Ep2 and E111, the less will be the 
leading component of 1111 with respect to Ep2, and 

8+ 

218 

....... ~ 
-E91 • ~• Eg1 

1 
-Eg2 .. Ep2 

(Bl 

E/>2 

l 
figure 1-154. (A} 8a-1c cinult of tit• 
multlvlbrator type of parallel-resonant 
crystal oscillator. (S) Pltaaor diagram of 
r-f voltages of circuit shown In (A). -E,, 
and -Ev• repreNnf th pltaNs of th 
equivalent V, and V, generator volfOflfl 



the lesa will be the leading (inductive) component 
of E1ri with respect to I",. Hence, the smaller the 
angle e, the more nearly must the crystal approach 
parallel resonance with the input capacitance of 
V1. Any change in the V1 plate circuit that tends 
to decrease e therefore tends to raise the fre
quency. C11, can be increased by the insertion of a 
fixed capacitance to make the total approach the 
rated load capacitance of the crystal unit. 
1-346. Since the ~rystai unit is effectively a ca
pacitance at all frequencies except those near its 
points of mechanical resonance, some precaution 
must be taken in the circuit design to ensure that 
the crystal maintains control over the frequency 
and that no danger exists that the two-stage cir
cuit can perform as a free-running multi vibrator 
with the frequency controlled by the RC constants. 
When C, in figure 1-154 is small and Cir, is large 
by comparison, and when the plate impedances R. 
and Rb are small by comparison with the R,, of 
the tube, the feed-back voltage at the low frequen
cies corresponding to the RC time constants can 
quite ea$ily be kept below the requirements for 
sustained oscillations. 
1-347. No data is available concerning the relative 
frequency stability of the parallel-resonant multi
vibrator type oscillator, but, from qualitative con
siderations only, it would seem that a performance 
equal to, and very possibly superior to, that of the 
average Pierce circuit could be expected, although 
the operation of the circuit would certainly be 
much more critical. The V, amplifier stage can be 
designed to operate into a practically purely re
sistive load, so that fluctuations in the V, plate 
resistance will have little or no effect upon the 
frequency. On the other hand, under these condi
tions e will be slightly negative and -,..E1t• will 
lead E,, unless a large reactance, or, preferably, 
a resistance, is connected in series with C1. If 9 is 
not critically small, the external circuit of V 2 can 
also be designed to appear as a pure resistance, 
and any variations in the plate resistance of the 
tube will have a negligible effect on frequency. 
The annulling of the stray-capacitance effects in 
the output circuits of the two tubes will require the 
use of coils, which may not be desirable if a wide 
frequency range is intended. The phase-shifting 
Qt of the feed-back circuit is computed in the 
same manner as in the Pierce and Miller cir
cuits except that the required phase shift is much 
smaller. 
1-348. In the design of such a circuit, the value 
of fJ can be arbitrarily predetermined. Assume that 
when R. of the crystal unit is a maximum, the 
feed-back current, I,,, is to be in phase with -p.E12• 
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With RK, assumed to be large compared with the 
average PI of the crystal unit, estimate the capaci
tance C11 , required across the crystal unit for the 
Q of Z,,, to equal the tangent of e when the Xp of 
the crystal unit corresponds to the reactance of the 
rated load capacitance. Make C, such that its re
actance at the operat~ng frequency is equal to the 
reactive component of Z.,1 computed above. Under 
these conditions I.,, will lag -,..E.,, for all values 
of R.. less than maximum, since the Q of Z.,, would 
be greater than tan fJ if the frequency did not in
crease to bring Z", nearer its antiresonant value. 
But the increase in the frequency as a result of a 
decrease in R.. is less than that which would occur 
if the circuit were designed so that I.,, woul( lead 
-,..E,.., for most values of R,.; Also, if the feed-back 
circuit is designed for series resonance when R. 
is a maximum, the values of C, should prove more 
practical, the operation will be less critical, and 
there is the assurance that all values of R., will 
permit oscillation. The plate-circuit impedances of 
the two tubes are next determined so that the 
feed-back voltage is sufficient to maintain oscilla
tions when R. of the crystal unit is a maximum. 
Generally, neither tube should operate into a load 
exceeding 5000 ohms. The plate voltages are 
chosen so that the crystal unit cannot be driven 
beyond the rated drive level. With the phase char
acteristics of the circuit determined, more or Jess 
by design, to ensure a proper load capacitance for 
the crystal, it may be that the optimum operating 
voltage will be more readily determined through 
experiment. At equilibrium, the total voltage gain 
of the loop, from E~1 to Ep1 to E.,, to E1., and back 
to E~., must be equal to unity. Thus, 

G G G G _ ~ E~2 Ev2 . EKI = l 12a•-E .-E. 
gl pl E.2 Ep2 

1-848 (1) 

where, referring to the circuit in figure 1-154, 

G = E /E = µ 1 Zr, R 
I pl 111I R + Z = gml ,. 

pl pl 

1--848 (2) 

1--848 (3) 

1--348 (4) 

G, = E11 1/Ep2 = 1 1-348 (5) 
So 

1-848 (6) 
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Equation (6) is only a first-order approximation 
in which it is assumed the plate resistances of the 
tubes are very large compared with the external 
plate impedances, Z,,, and z.,,, which, in turn, are 
approximately equal to R. and Rb, respectively. 
Also, it is assumed that X,., is small compared with 
ZK,, and that either X,.., is small compared with 
Zg, or the tendency towards a series-resonant rise 
in voltage across Z,., is sufficieri.t to make equation 
(5) approximately correct. 
1-349. The output is most often taken from across 
a 500- to 1000-ohm resistance between the cathode 
of V, and ground. In this event, R., connects di
rectly to the cathode of V,-not to ground. The 
cathode output is quite useful for matching to low
impedance inputs, such as would occur, for ex
ample, when feeding a coaxial line. Regardless of 
where the output is obtained, it can be seen that 
its amplitude cannot be expeeted to greatly exceed 
that of the Pierce circuit. Since two amplifier 
stages are required and no additional gain is pro-

Cl 
80 
MAX 

-

C2 
IO 

=CR 
T 

1 = 
CA) 

dueed, there can be little advantage in using the 
multivibrator circuit unless thermostatic control 
of the temperature is employed and the design is 
such as to ensure greater frequency stability than 
can be achieved in the Pierce circuit. The use of 
a single dual-type tube offers greatest economy. 
The principal advantages of the circuit are its 
relative independence of fluctuations in the tube 
voltage, and its adaptability for impedance-match
ing to low-impedance output circuits. 
1-350. Figure 1-155 iUustrates three multivibra
tor-type crystal oscillators that were designed 
for use in Diversity Receiving Equipment AN/ 
FRR-3 ( ) . Circuit (A) is a later-model replace
ment of circuit (B). Very possibly the preference 
for (A) is at least partly due to a desire to elimi
nate the variable effects of the inductors in (B) 
with changes in frequency. From the data avail
able it cannot be said that the crystal in (B) is 
not actually operating at or very near its series
resonance frequency. The state of operation of the 

R4 

1.5 

R3 

Fl 
(1.4·3.8 NC) 

1 
Figure 1-155. Two-,tqe parallel-retoftant uclllotors of tlte multlvlbrator typ«l. 

Fig. Equipment Purpose Fi CR Rt R2 Ra ft. Rs Re R1 Re 
(A) Diversity Local 1400- Holder 260 100 6 1.5 0.5 0.15 

Receiving oscillator 3800 FT-249 
Equi,ment 
AN/ RR-llA 

(B) Diversity Local 1400- Holder 260 250 3 
Receiving osc. 8800 FT-2411 
Equi,ment (Entire 
AN/ RR-3 circuit in 

55• C 
oven) 

(C) Diversity n.r·v 462.,5 60 0.6 10 ,w i;ov 260 5 6 
Receiving with 
Equifment AFC 
AN/ RR-3A react-

ance 
tube, v, 

Circuit Data for Figure 1-155. Fin kc. R in kilohm&. C in p.,.f. Lin i<h, 
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crystal will vary quite widely with changes in the 
tuning of the L.C, tank. Circuit {C) is a beat
frequency oscillator which is crystal-stabilized 
when switch S, is in the crystal position, as shown. 
The triode-connected beam power tube serves as 
a reaetance tube, which effectively shunts the 
crystal with a capacitance that varies with the 
bias supplied to the control grid of the tube. The 
bias, in turn, is controlled by the a-f-c discrimi
nator circuit in a teletype terminal. The purpose 
of the circuit is to ensure that the beat frequency 
remains constant even though the frequency of the 
incoming signal should vary sJightly. If the beat 
frequency tends to drift, the sign and magnitude 
of. the discriminator output causes the bias of the 
reactance tube to effectively change the load ca
pacitance of the crystal unit in such a direction 
that the frequency of the osciHator rises or falls 
by approximately the same number of cycles per 
second as does the incoming signal. 

Oscillators with Crystals Hcvl•CJ 
Two Seh of ElectroclH 

1-351. The original crystal oscillator devised by 
Dr. Nicolson, as well as a number of the earlier 
crystal oscillators tested by Dr. Cady, employed 
crystals with, effectively, two pairs of electrodes. 
The basic circuit is shown in figure 1-156. The re
quired phase inversion of. the amplifier output 
voltage is provided by the crystal unit operating 
at a mode for which the polarities of the plate 
and grid terminals with respect to ground are 180 
degrees out of phase. The circuit shown operates 
the crystal unit very near its series-resonance fre
quency. In practice, a capacitor is normally con
nected between crystal and ground, so that the 
circuit is more commonly employed for parallel
mode tested crystal units. Still, it is not without 
some license that we classify this type of oscillator 
as a parallel-mode type. The crystals most appli
cable for this class of circuit are the very-Iow
frequency elements of the X group, which vibrate 
in lengthwise extensional or flexural modes. The 
electrode connections that permit the desired 
phase inversion depend upon the particular crystal 
element. Assume that electrodes numbers 1 and 8 
are on one side of the crystal, and that 2 and 4 
are on the opposite side, as indicated in figure 
1-156 (A). For a flexure element, such as element 
N, where electrodes 1 and 3 parallel each other 
down the length of the crystal, as shown in figure 
1-156(B), the flexure mode is excited when the 
potential across 1 and 2 is oppositely polarized to 
that across 3 and 4. If the same electrode arrange
ment is to be used to excite an extentional mode 
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(ot the flexural mode of the duplex element J) 
the polarities of the two sets of electrodes must 
be in phase. In this case, the connections of one 
set of electrodes should be reversed in the circuit 
shown in figure 1-156(A). For example, plates 2 
and 3 should be connected to ground and plate 4 
should be connected to the grid, if the proper phase 
inversion is to be obtained. A crystal having the 
two sets of electrodes at opposite ends of the crys
tal, as shown in figure 1-156(C), would be driven 
at the second harmonic of the length extensional 
mode ( or of the flexural mode of a duplex crystal), 
if connected as shown in figure 1-156(A). Greater 
stability and a smaller crystal are possible for a 
given frequency by operating at the fundamental 
mode. To permit this, if the crystal unit is plated 
as shown in figure 1-156(C), the connections of 
one pair of electrodes should be the reverse of those 
shown in figure 1-156 (A). If it can be assumed 
that the current in the grid circuit is negligible 
compared with the crystal current between ter
minals 1 and 2, and if the stray capacitance be
tween the two sets of electrodes is ignored, the 
equivalent circuit between terminals 1 and 2 
will appear approximately as shown in figure 
1-156(D). L, C, and C0 represent the parameters 
of a fully plated crystal. A more exact analysis of 
this type of crystal unit can be found in the book 
"Electromechanical Transducers and Wave Fil
ters" by W. P. Mason, D. Van Nostrand Co. 
1-352. Figure 1-157 shows a practical oscillator 
design employing crystal units having two sets of 
electrodes. Although the electrode connections 
shown for CR would indicate that the plate and 

+ I 3 -

e+ 
!A) 

Figure 1-15'. Basic: drc:uit of oulllator using crystal 
with two pairs of electrodes 
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VARISTOR 

Figure 1-157. Practical cry.tal-osclllafor design employing very-low-frequency 
crystal unit ,with two sets of electrodes 

grid terminals always connect to the same side of 
the crystal unit, the actual connections will depend 
upon the particular element used. The variable 
capacitor C, permits a frequency adjustment of 
approximately 60 parts per million. To ensure that 
the crystal unit is operating into its rated load 
capacitance, the exact frequency of a test crystal 
should be known when it is at series resonance 
with its rated capacitance. To a first approxima
tion, the terminal that is to be connected to the 
grid can be assumed to be open..circuited, so that 
the resonance to be tested is that between the rated 
Cx and one half of the crystal. With the test crystal 
connected in the oscillator circuit, C, can be ad
justed to provide an output at the previously 
measured "rated" frequency of the test crystal. 
This adjustment therefore will provide the rated 
load capacitance for all crystal units of the same 
type. The varistor is inserted to protect the crystal 
unit from overdrive, and to ensure a stable output 
voltage. As recommended by Bell Telephone Lab
oratory engineers, the nominal values of R,, C,, 
C,, and c. that provide satisfactory operation in 
the 1.2- to 10-kc frequency range are given in the 
following table. The values shown will provide a 
direct current in M of approximately 12 micro-
amperes. 

Frequency R, c, c. c. Range (kil-
(fff) (,.,.f) (""f) (kc) ohms) 

1.2 - 1.5 100 180 4000 500 

1.5 - 2.0 100 180 3000 600 
2.0 - 2.5 100 150 2000 500 

2.6 - 3.2 100 150 1500 500 

3.2 - 4.5 100 120 1000 600 
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Frequency R, c, C, c. Range (kiJ- (p.p.f) (µ.p.f) (,.,.f) 
(kc) ohms) 

4.5 - 6.7 100 120 700 250 

6.7 - 8.0 100 90 500 250 

8.0 -10.0 51 90 1000 0 

1-353. Figure 1•168 shows the crystal oscillator 
in Test Set TS-251/UP, which employs a duplex 
crystal element. The crystal circuit is used to SYD· 

chronize the blocking oscillator at a frequency of 
1818.18 cps. The output of the blocking oscillator 
is for counting down to 303.03 pulses per second, 
which, in turn, are used in checking Loran pu]se
repetition rates. A CR-11/U crystal unit is used 
which has a resonant frequency of 1817.44 ±0.3 
cps at 75° Fahrenheit. The rated maximum effec
tive resistance of the crystal is 30,000 ohms, and 
its rated maximum permissible current is 0.03 
milliampere. The fixed capacitance paralleling the 
variab1e capacitance is used only if necessary. The 
varistor is rated at 1 ma/14V for temperatures 
between 75 and 86 degrees Fahrenheit. 

Crystal a• cl Magic-Eye Resona•ce l•clicator 

1"354. An interesting application of a parallel
resonant crystal circuit is the tuning indicator 
shown in figure 1-159. When the tuned frequency, 
Fi, of a variable oscillator is equal to the antireso
nant frequency of the crystal unit in parallel with 
the input capacitance of V,, a magic-eye tube, the 
excitation of V, is a maximum, as is the current 
through R~, and, hence, also the shadow angle of 
the indicator. The circuit thus provides a con
stant visual crystal check on the tuned oscillator 
frequency. Different crystal units can be switched 
in for different channels. 
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Figure 1-159. Crystal and magic-eye resona11ce i11dicator 

Fig. Equipment F1 CR. R, R~ 

(A) Radio Transmitter BC-696-A 3000- DC-8-C,-. 5. 1 0.39 
.(000 D,-K 

(B) Radio Transmitter BC-457-A 4000- DC-8-C,- 10 0.39 
5300 D,-K 

(C) Radio Transmitter BC-458-A 5300- DC-8-C, 15 0.39" 
7000 D,-K 

(D) Radio Transmitter BC-459-A 7000- DC-8-C, 5.1 0.39 
9100 D,-K 

Circuit Data for Figure 1-159. F ;n ke. R in kilobrns. C in ,.,,_r. 
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SIRIIS•RISONANT CRYSTAL OSCILLATORS 
1-855. For maximum frequency stability it is gen
erally preferable to operate a crystal unit at its 
series-resonance frequency, but series-mode cir
cuits are most widely used for overtone operation. 
At series resonance the crystal element appears as 
a resistance, so that in the normal circuit it can be 
short-circuited o:- replaced by a comparable resist
ance without stopping oscillations. Series-resonant 
oscillators generally have smaller outputs than do 
oscillators of the parallel-resonant type. Also, 
series-resonant oscillators usually require more 
circuit components, and hence are not often used 
except in the very-high-frequency range. In gen
eral, the operation of the series-mode circuits is 
less complicated than that of the parallel-mode 
oscillators. Nevertheless, the circuit design be
comes incrj!aSingly critical at the higher frequen
cies and higher overtones. The stray capacitances 
must be kept tc a minimum, and all leads must be 
as short as possible. It may be necessary to nullify 
the crystal shunt capacitance, C0 , by connecting 
across the crystal unit an inductor that is anti
resonant with c. at the operating frequency. It 
may also be desirable to connect a capacitor in 
series with the crystal unit, to tune out the stray 
inductance of the crystal leads. Tuned circuits 
must be provided if a crystal unit is to be driven 
at a particular overtone mode. Quite often, satis
factory operation is obtained simply by designing 
a conventional variable-tuned oscillator to operate 
at the desired frequency, and then inserting the 
crystal unit in a plate tank or feed-back circuit. 
There will be a range of tuning adjustments in 

Rs Rt Rs 

1.5 1000 51 

1.0 1000 51 

1.0 1000 51 

1.5 1000 51 
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which the crystal can assume control and hold the 
frequency very nearly constant. As the tuning ad
justments are varied beyond this range, the con
trol becomes quite unstable or ceases altogether. 
Usually, the region of stable control becomes 
smaller as the overtone order is increased. If 
broad-band operation is desired with no tuning ad
justment other than the selector switch for chang
ing the crystal, additional precautions must be 
taken to ensure that oscillations cannot be main
tained except when the crystal impedance is small 
-that is, the crystal unit is operating near series 
resonance. For maximum frequency stability, the 
effective resistance of the circuit facing the crys
tal unit should be as small as possible. At the 
higher frequencies, the stray capacitances limit 
the impedances obtainable from the tuned circuits, 
thereby making them more selective and hence 
more effective in influencing the frequency and in 
increasing the instability. 

1-356. The series-mode oscillators most widely 
recommended are listed in the following table, and 
rated according to their relative design and per
formance characteristics. A rating of 1 represents 
the top relative superiority in the corresponding 
characteristic. It should be understood that the 
ratings are based upon average qualitative results 
which might well be contradicted by the data of 
individual investigators. Any one of the series
mode circuits expertly designed could surpass the 
performance of a poorly designed circuit rated 
higher in a particular characteristic. The fre
quency-stability rating assumes average oven and 
voltage regulation. 

Re C1 v. 
0.02 50,000 1629 

0.02 50,000 1629 

0.02 50,000 1629 

0.02 50,000 1629 
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Symbol of Oscillator A B C D E F G H I J K L 

Frequency Stability(%) 0.0001 0.002 0.0005 0.0004 0.0004 0.0004 0.0004 0.0002 0.0015 0.002 0.002 0.0015 

Power Output 6 5 3 1 

Versatility 4 4 2 1 

Upper Frequency Level 5 1 3 2 

High-Resistance Crystals 2 5 3 4 

Ease of Adjustment 6 7 1 3 

Untuned Bandwidth 5 5 2 2 

Frequenc11 Multiplication 5 5 2 4 

Low Harmonic Output 1 2 2 5 

Circuit Simplicity 4 5 3 2 

Isolation from Load 1 2 8 4 

Lf>w-Frequency Operation 1 6 3 5 

The oscillator symbols in the foregoing table cor
respond to the respective index letters of the 
oscillators listed below. 

Names of Series-Mode Oscillators 

A. Meacham Bridge 
B. Capacitance Bridge 
C. Butler, or Cathode-Coupled 
D. Grounded-Cathode, Transformer-Coupled 

Type 
E. Grounded-Grid, Transformer-Coupled Type 
F. Grounded-Plate, Transformer-Coupled Type 
G. Transitron 
H. Impedance-Inverting Transitron 
I. Impedance-Inverting Pierce 
J. Impedance-Inverting Miller 

K. Grounded-Cathode Two-Stage Feedback 
L. Modified Colpitts, C.I. Meter Type 

Meacham Bridge Oscillator 

1-357. The Meacham bridge oscillator, illustrated 
in figure 1-160, provides the greatest frequency 
stability of any vacuum-tube oscillator yet de
vised, but the region of maximum frequency sta
bility is limited to the lower frequencies because 
of the increased effect of the stray circuit capaci
tances when the frequency becomes greater than 
a few hundred kilocycles per second. The oscillator 
is of the crystal~stabilized type employing tuned 
circuits. At frequencies above 1000 kc the effect 
of the stray capacitance is sufficient to reduce the 
stability to a point where little is to be gained 
by the use of the Meacham circuit. The oscillator is 
principally employed with GT-cut crystals in fre
quency standards, to generate frequencies of 100 
kc. In figure 1-160, it can be seen that if the bridge 
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3 5 4 4 4 2 1 3 

2 3 2 3 3 3 2 3 

2 2 2 3 3 3 4 3 

4 4 2 4 4 4 1 3 

2 2 2 5 5 6 4 6 

1 2 l 6 6 6 4 6 

4 1 5 5 8 3 6 6 

5 5 5 4 4 4 3 2 

1 2 2 3 3 3 4 4 

4 2 4 4 4 4 4 4 

5 5 2 4 4 4 1 2 

were perfectly balanced there would be no excita
tion voltage. At the start of oscillations, the ratio 
of R1 (practically equal to the series-arm R of the 
crystal unit) to R, is smaller than the ratio of 
the R, to R,. But R, is a thermistor - it is the 
resistance of a tungsten lamp which sharply 
increases in value as the temperature rises. (A 
semiconductor such as carbon, silicon, or germa
nium can be used, in which case the resistance will 
decrease with temperature. The negative tempera
ture coefficient of the semiconductor is generally 
larger than the positive coefficient of tungsten, but 
the semiconductor thermistor is more expensive 
and is much more difficult to duplicate because of 
its great sensitivity to impurities.) As oscillations 
build up, the current through R, increases to a 
point where the heat generated from the power 
losses raises the the thermistor temperature, and 
hence the resistance, to a point where the bridge is 
almost balanced. Equilibrium is reached when the 
imbalance of the bridge is just sufficient to sup
ply heat to the thermistor at the same rate at 
which it escapes. For maximum amplitude stabil
ity, the ambient temperature of R, should not be 
permitted to vary over a wide range. Normally, the 
tungsten lamp will heat to a dull red of approxi
mately 600 degrees centigrade. A variation of over 
100 degrees in the ambient temperature could have 
a significant effect on the equilibrium power losses 
in the thermistor, if extreme precision were de
sired. The operating temperature of the lamp is 
very low compared with the rated temperature, 
and consequently the lamp can be expected to last 
indefinitely. The oscillator should be designed and 
adjusted so that the phase shift occurs entirely 
in the bridge. That is, the tube should operate into 
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Fl911re 1-160. Bou: circuit of Meacham bridge-stabilized osclllafor 

a pure resistance, so that the instant the plate 
current is maximum the peak transformer volt
ages should occur with polarities as indicated in 
figure 1-160. Transformers having powdered-iron, 
toroidal cores can p:rovide a coefficient of coupling 
very elose to unity in the low-frequency range. 
The folJowing analysis of the frequency stability 
and the activity stability of the Meacham oscilla
tor, except for minor deviations and extensions, 
has been guided by the postulates and basic con
siderations as presented by W. A. Edson.* 

FREQUENCY STABILITY OF MEACHAM 
BRIDGE OSCILLATOR 

1-358. First, we shall assume that the vacuum 
tube in figure 1-160 operates into a purely resistive 
load, and that the entire phase reversal takes place 
in the bridge transformer. The phasor diagram in 
figure 1-161 (A) shows the relation of the volt
age E0 to the other voltages of the bridge network. 
(Refer to figure 1-160 for voltage symbols.) Next, 
assume that some change in the capacitance of the 
circuit requires that E., be shifted in phase by a 
very small angle equal to 4>, but that the change 
is so small that the magnitude of all the bridge 
voltages can be assumed to remain constant. In 
order to produce the phase shift -,., it can be seen 
that E,, and hence the current through R., must 
be rotated by an angle fJ. In a triangle with angles 
A and B opposite to sides a and b, respectively, 

* V1JC1tum Tube Oscillator•, John Wiley and Sona, 1958. 
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. aA = _bB (Law of Sines}. Likewise, in the sm sm 
triangle E.,E2E,, 

E0 /sin 8 = E4/ sin ef, 
or 

. 8 Eo . sin = -sm<f, 
E. 

1--358 (1) 

Since we are assuming that both (J and ;J, are very 
small, equation (1) can be written, approximately, 

1~58 (2) 

-------E5--------oof 

(AJ 

·I 
(Bl 

Figure 1-161. Phasor diagrams of bridge voltages In 
Meacham oscillator. Angles <I, and (J {greatly mos,nl
lled} represent small sllffts In phase when .:rystal unit 

l1 operating 11ll11htly off Nrles resonance 
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The current through the input transformer can 
be assumed to be negligible compared with the 
total current through the crystal, so the current 
through R 2 is essentially the same as that through 
the crystal. Under these conditions, as is shown 
in paragraph 1-241, 

1-358 (3) 

where L and R are series-arm parameters of the 
crystal unit. By rearranging equation (8) and di
viding by ... , the fractional change in frequency 
required to produce an angle fJ is found to be 

8 (R + ~) 0 R.yC 
-w = 2wL = 2,Jl:- 1-358 (4) 

where· R., = R + R2 is the total resistance of the 
crystal side of the bridge, and C is the series-arm 
capacitance. On substitution of equation (2) in 
equation (4), it is found that 

Aw=(/>EoRc. {9. 
w 2E, '\J L 1-358 (6) 

Equation (5) indicates that the more nearly bal
anced the bridge (the smaller the E./E. ratio), 
the greater will be the frequency stability. 

Now, 

E - R" E. 1-358 (6) 
,-Rs+R, 

Letting (Ra + R.)/R, = (R1 + ~)/~ = m, we 

m 
see that E 0/E4 = E. 

Also, since 

1-358 (7) 

where &r = R3 + R4, then 

On substitution in equation (6), we have 
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It now remains to determine the magnitude of <t, 
for a small change in the capacitance of the cir
cuit. The most likely changes in capacitance take 
p]ace in the grid circuit, the average -'\C, usually 
being on the order of 10 times the average aCP in 
the plate circuit. Looking away from the grid, it 
can be seen that when the bridge is very nearly 
balanced, the grid faces a resistive impedance 

R = N 1
2 (R1 + Ra) (~ + R4) 

11 R1 + ~ + Rs + R, 
1-358 (9) 

The capacitance c. will have been adjusted to be 
effectively antiresonant with the leakage induct
ance of the transformer, which inductance can be 
imagined to be in parallel with Rr Still looking 
away from the grid, we can imagine a generator 
connected between grid and cathode. If the capaci
tance should change by a small amount aC., the 
ratio of the excess reactive component of current 
to the resistive component becomes R""aC11• This 
wiJI equal the tangent of the phase shift, tf>, which 
is sufficiently small for tan • to be assumed to 
equal <t,. Thus, with <t, = R~c., on substituting 
equation (9) for R., equation (8) becomes 

1-358 (10) 

Now, let us assume that R1 and Ra remain fixed. 
As R. is varied, R, must vary in direct proportion 
to keep the bridge balanced. If Ra = kR11 R, will 
always approximately equal kR,. Substituting 
thes~ values of Ra and R, in all terms where the 
error introduced can be considered negligible, equa-

. tion (10) becomes 

N1
2 AC1 
2L 

1--358 (11) 

If R. is expressed as being equal to R. (k - i), 
equation (11) becomes 

Aw • (1 + k) i R 1
2 N1

2 '1C1 
w 2kL 

1-358 (12) 

1-859. Equation 1-858 (12) does not quite indi
cate the relations among all the circuit parameters 
that are effective in providing an optimum fre-



quency stability. It is first necessary to determine 
how i, which is a measure of the imbalance in the 
circuit, is dependent upon the other parameters. 
For this purpose, it is necessary to find that value 
of i which must exist in order for th~ feed-back 
voltage to 'be at equilibrium. It will be assumed 
that the r-f plate current, Ip, is equal to gmE,. If 
this assumption is not warranted, gm in any of the 
following equations can be replaced by ,.; (R11 + Zp). 
To a first approximation, 

1-359 (1) 

and 

E, = Ep/Np = IP Zp/Np = gm E,. NP R. RT/(R. + RT) 

1-359 (2) 

also, E, = N,E.,, and E0 is given by equation 
1-358(7). On substitution in equation (2) 

1 = gm N 11 N, (Re Ra - R1 ~)/(R. + RT) 

1-359 (3) 

Equation (3) is the equilibrium feed-back equa
tion for the Meacham oscillator. On expressing R, 
and R, as functions of R1 and R., it is found that 
at equilibrium 

1-359 (4) 

Substituting (4) in equation 1-358 (12) 

aw (1 + k)2 R 1 R. N"' ACg 
w 2 k grr. R2 NP L 

1-359 (5) 

In a similar manner, in equating <I> to Z1,w.iCp, it 
can be shown that for small changes in the plate 
capacitance 

aw R.3 Ni> ACp 
-;;; = 2 (1 + k) gm Ri Ng L 

1-359 (6) 

It can be seen that greater stability is to be had 
when g ... is a maximum and when the ratio m 
R./R, is small. For changes in C,, the optimum 
value of k is 1 (when (1 + k) 1/k passes through 
a minimum). For changes in Cp, it would be desir
able to have k as large as practicable. A further 
consideration is to so proportion the parameters 
that the expected variations in C11 and Gp will have 
the maximum opportunity to cancel in their effects. 
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Also, caution must be taken that in improving the 
stability in one respect, it is not impaired to a 
greater extent in another. Since the expected .iCe; 
is approximately 10 times the expected .iC1,. the 
ratio of the right-hand sides of equations (5) antl' 
(6) can be equated to 1, with 10 .iC" substituted 
for .iC,. On thus dividing (5) by (6) 

or 

1 = 10 (1 + k) 3 R 1 R2 N/ 
kR/N/ 

. N 2/N 2 = 10 (1 + k)
3 

R1 = 10 (1 + k)3 
(m - 1) 

P g km R
0 

k m2 

1-359 (7) 

With the oscillator designed according to equation 
(7), average capacitance variations in the plate 
and grid circuits will have approximately equal 
effects upon the frequency. When the square root 
of equation (7) is combined with equations (5) 
and (6), and Re is expressed as mR,/(m 1), 

1-359 (8) 

and 

t..w = AC" m
2 

R1 /10 (1 + k) 
w 2 L gm \i k (m - 1) 

1--359 (9) 

If the oscillator is to be designed on the basis of 
equation (7), it can be seen that k should be made 
as large as is practicable, and m should be such 
that the factor m1 /y'm - 1 is a minimum. It can 
be shown that this occurs when 

m = 4/3 1-359 (10) 

Frequency stability, of course, is not the only con
sideration; there are also the vacuum-tube and 
thermistor characteristics and the power rating of 
the crystal unit that must be taken into account 
in deciding upon the optimum parameter rela
tions. Remember, that in equations (4), (5), and 
(6), gm can be replaced by the more exact term 
p./ (RP + Zp). Certainly, a high-mu tube is to be 
preferred, and when it is operated class A the sec
ond-harmonic output can be expected to be at least 
65 db below the fundamental. The screen voltage 
should be fairly high, in order to increase gm. Nor
mal operating voltages can be employed, but Eg 
should not be allowed to drive the grid positive. 
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ACTIVITY ST ABILITY OF MEACHAM 
BRIDGE OSCILLATOR 
1-860. Starting with E01 the input to the grid 

Gain: 

Voltage: 

From equation 1--858 (12) it can be seen that in 
the interest of frequency stability, i, and hence the 
imbalance of the bridge should be as small as pos
sible. Fortunately, this condition also agrees with 
the requirements of high activity stability, for the 
smaller the difference of the actual thermistor re
sistance from a value equal to kR., the larger will 
be the percentage change in that difference for a 
small change in the thermistor voltage. Equation 
1--858 (7) can be written · 

1--860 (1) 

where i = (kR2 R.) /R, and. G. is the gain of 
the stage. In the over-all gain equation, above, G1 

and G, can be considered constant, so that G. 
primarily has the function of compensating any 
changes in G, of the vacuum tube. From equation 
(1), it can be seen that iE./E0 can be considered 
a constant. Or, in the over-all gain equation we 
see that 

or that 

On differentiating, 

or 

di dG2 
T = - G2 

1-360 (2) 

1--860 (8) 

Equation (3) shows that for a given percentage 
change in the gain of the tube, the smaller the 
value of i, the smaller need hoe the change in R. to 
restore equilibrium. Since G, = gmZp, we can write 

1--860 (4) 

On differentiating iE./E0 = C, where C is a con
stant, we find that 

i dE. + E. di - C dE0 = 0 
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transformer, we see that at equilibrium the prod
uct of the gaiJ18 of all the stages, from E0 back to 
Eo, must be equal to 1. Thus, 

If the effects on E0 due to the changes in E. and i 
exactly cancel so that dE0 0, then, by equations 
(3) and (5) 

- dG2/G2 di/i = - dE./E. 

Under these circumstances it can be seen that the 
percentage change in the activity is exactly equal 
to the change in the gain of the tube. If the ther
mistor is to be effective in preventing the ampli
tude of the output from changing significantly 
with changes in G2, clearly an increase in E. must 
produce a decrease in E •. We can define the activ
ity sensitivity of the bridge to be 

s = - E, di/i dE. 1-360 (6) 

The sensitivity is thus defined as the percentage 
variation in i per percentage variation in the volt
age across the bridge. The problem now is to con
vert equation (6) into a function (equation 14) of 
the circuit constants so that s can be predeter
mined by the design engineer. From equations (5) 
and (6) we find that the percentage change in E0 

per percentage change in E. is 

_ E. dE0 = s _ l 
E.,dE. 

l-860 (7) 

In practice, E0 /E. (= G,) can be on the order of 
0.008 or smaller; so, if the change in E0 is com
parable to that of E. in magnitude, excellent am
plitude stability will be achieved. The stability 
depends first upon the magnitude of i, and sec
ondly, upon the sensitivity of the thermistor. The 
latter is defined as 

1-860 (8) 

Figure 1-162 shows the resistance-voltage char
acteristics of a number of tungsten lamps for 
ambient temperatures at room values. For lower 
ambient temperatures, the curves would be shifted 
to the right somewhat, and for higher tempera
tures, to the left. Since the curves are plotted on 
log paper, according to equation (8) it can be seen 
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that the thermistor sensitivity S at a given value 
of E, is the actual sfope of a curve at that point. 
It is important, of course, to operate the thermis
tor at a voltage where the slope approaches a maxi
mum. It is convenient to express the bridge s as 
a function of the thermistor S. 

.. 
. k R:i - R• 

Since 1 = R:i • then 

1-'--360 (9) 

or 

s= E.di k E. dR• kS ( E. dE•) 
- i dE,, • i R, dE. • T E, dE, 

1-860 (10) 

Now, E, = E2 - E., == E2, but dE• (= dEa - dE.,) 
is not approximately equal to dE1• So dE.;E. = 
(dEa - dE.,)/Ea = (dE. - mdE0 )/E0, where m = 

:: = ::- On substitution for dE,/E, in equation 

(10), we find 

s = ~(1- mdE.,) 
1 dE,, 

1-360 (11) 

By equation (7) we see that dEo/dE. = 
Eo(l - s)/E •. On substitution in (11) and after 
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rearranging, we have 

kSE, - mkSE0 s= ~.---'----...;;. 
1E0 - mkSE0 
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1-360 (12) 

The term mkSE0 in the numerator can be consid
ered negligible, and dropped. · After expressing Eo 
in terms of equation (1) and rearranging, it is 
found that 

1---360 {13) 

Finally, on substituting for i its value given by 
equation 1--359(4), we are able to express the ac
tivity sensitivity entirely in terms of the known 
circuit parameters. Thus, 

or 1-360 (14) 

s = kSgmNpN,Ri/(1 + k) [m - S(m - 1)] 

The reciprocal of s can be considered the percent
age gain in the output voltage (or in EP or E.) for 
a unit percentage change in the gain of the tube, 
since dG2/G2 is equal to -di/i. In the equation for 
s, note that if the thermistor sensitivity were 
equal to Rc!R11 the stability mathematically would 
be infinite. Since R,/R1 is greater than 1, a single 
tungsten lamp could not provide the thermistor 
sensitivity for the above condition to hold unless 
special measures were available to reduce the heat 
leakage from the filament. The effective sensitivity 
could be increased if R, were replaced by another 
tungsten lamp, and the crystal unit were inserted 
in the plaee of R2. Theoretically, the sensitivity can 
be made much larger than unity simply by vary
ing the ambient temperature together with the op
erating temperature of the filament; for instance, 
by constructing a thermistor with the filament 
mounted inside a heater sleeve and controlling the 
heater current by feedback from a later amplifier 
stage. If equation (14) is taken apart, it· will be 
found that the denominator term, (Re - SR1), 
originates from that component of dE. that is 
equal to -dEo. When there is an increase in E., 
the voltage E, changes in two ways: one is due 
to the change in the current through R., and the 
other is due to the increase in the resistance, itself. 
It is the latter component that is approximately 
equal to -dE.,. Mathematically, the change in E, 
is expressed by the differential equation. 

dE• = d(I, R4) = ii4 dI, + 14 dR4 

1-860 (15) 
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Since dR./R. is equal to SdE./E,, on substitution 
in equation (15) it can be shown that 

dR4 = S ( R'r:I4 + dR4) 1--860 (16) 

If S is greater than 1, an increase in voltage across 
R. must result in a decrease in current. (Inciden
tally, since the change in R, in actually due to a 
change in the temperature brought about by an 
increase in power, a value of S greater than unity 
implies that the percentage increase in resistance 
is at least equal to twice the percentage decrease 
in current.) Now, assuming that the current 
through the input transformer is negligible, 
E. I.RT, and dE. I,dR, + R.i,dI,, where dR, = 
dRT. If E. is to remain constant, that is, if dE. is 
to equal zero for a small change in the gain of the 

dR 
tube, dI./I. must equal - R;. If the latter value 

is substituted in equation (16), it will be found 
that for conditions of s = oo : 

S= RT =RT=Rc 
~ - R4 Ra R1 

1--860 (17) 

This is the explanation of the term (Re - SR1) 
in the denominator of equation (14). Other than 
the assumption that the changes in the current I0 

through the grid transformer can be considered 
negligible in their effect upon dE., the term is 
entir.ely a function of the Ra and R, arms of the 
bridge, and is not related to the gain characteris
tics of the rest of the circuit. No experimental 
data is available concerning the operation of the 
Meacham bridge oscillator with values of S greater 
than unity, when R. behaves aa a negative resist
ance (an increase in E, is accompanied by a de
crease in I,). Theoretically, if S were greater than 
R,/R., an increase in the gm of the tube would 
ultimately result in a decrease in the output-volt
age and in the voltage applied across the bridge. 
In an actual circuit, whether stable values of R, 
would be maintained under such conditions is open 
to question. Perhaps the thermal lag of the fila
ment and the extreme sensitivity of Eo would so 
influence the operation that R. would periodically 
overshoot its mark and prevent an unmodulated 
equilibrium from being reached. In practice, the 
values of S will be on the order 0.5, so such con
siderations do not arise. For s to be as large as 
possible, referring to equation (14), it can be seen 
that [k/ (1 + k)] should be as large as practicable. 
This agrees with the equations for frequency sta
bility if the circuit is to be designed according to 
equation 1-359(7). The term [k/(1 + k)] has 
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no maximum, but approaches unity as k increases 
indefinitely. Assume that s is equal to 50. This 
means that a change in the gain of the tube of 
1 per cent will cause a change of only one-fiftieth 
of 1 per cent in the output voltage. Or in terms of 
db, since 

E. di b.(log i) 
s = - dE, · T = - A(log E.) 

= b.(log 0:i) = Adb in tube gain l--860 (lS} 
b.(log Ep) Adb in output 

an increase of 0.5 db in the gain of the tube will 
cause only a 0.01-db increase in the output. 

CRYSTAL DRIVE LEVEL CONSIDERATIONS 
IN MEACHAM BRIDGE OSCILLATOR 

1-361. A starting consideration in the design of a 
Meacham bridge oscillator is that the crystal unit 
is not to be overdriven. If P1 is the crystal power, 

le = ~is the crystal current, and 

E = I R = mR1 (P;" = m~ 
• "

0 m-r\/If; m-1 

1--861 (1) 

With R1 determined by. the crystal unit, it is de
sirable, from the point of view of frequency sta
bility, for m, and hence R. to have small optimum 
values. If S approaches unity, the small R, will 
also be an important consideration in activity sta
bility, but for normal values of S the activity 
stability is improved slightly if R2 is large. The 

term (R, ~• SR,) in equation 1-360 (14) has no 
maximum, but approaches unity as R2 is increased 
ind~finitely and R, and S are held constant. Usu
ally, the requirements of frequency stability are 
the more important, and R, should be kept as small 
as practical thermistor resistances and values of 
k permit. At low frequencies, values of R1 may be 
in the neighborhood of 1000 ohms or more. The 
voltage across the thermistor will be 

le R1 
m -1 

= E1 _ ~ 
m-1 - m-1 

1--861 (2) 

where E1 is the voltage across the crystal unit. For 
convenience, we repeat equation 1-360 (1), but ex
pressed as a function of m and k: 

Eo = (m - 1) i E,/km2 1--861 (8) 



The power dissipation in R4 is . 

P. = E, I•= E 1 Ie/(m - 1) k = Pi/(m - 1) k 

1--361 (4) 

The impedance of the bridge in terms of R 1 is 

Z. = Re R-r/(R0 + &r) = kmRi/(1 + k) (m -1) 

1--361 (5) 

The plate impedance ol the tube is 

Zp = Np2 Z. = Np2 kmR1 1--361 (6) 
(1 + k) (m - 1) 

The plate voltage is 

E = I z = gmE1 N/kmR1 

P p P (1 + k) (m - 1) 
1--361 (7) 

Also, 

Ep = Np E. = mNp~ /(m - 1) 

1--361 (8) 
and 

1-361 (9} 

Finally, we repeat equation 1--359 (3), the over-all 
equation for feed-back equilibrium, but expressed in 
terms of Ri, m, and k: 

G G G G = gm Ne N, i Ri -1-361 (10) 
• z a • m (1 + k) 

Rt can be adjusted to provide the same value of m 
for each different crystal unit. Under these cir
cumstances, E, and Ep will be the same in each 
oscillator, even though R1 varies. Two fundamental 
problems are that the design must ensure that the 
crystal current does not overdrive the crystal unit 
when R1 is small, and that the thermistor current 
is sufficient for S to be a maximum. 

DESIGN PROCEDURE FOR MEACHAM 
BRIDGE OSCILLATOR 

1-862. The jized point of referen,ce for estimating 
the curren.t tind voltage tit ""fl poi•t in the 
Mea.cham circ1tit iB the therm.i8tor voltage E 4• 

ThiB i8 the 11olta.ge that is Nquired to make 
R. = R1/(m - 1). If R, and mare held. c0918tatlt, 
E. aa weU aa E, (= m.E,) <md E,, ·(= N,,EJ tuill 
also be COt1Btatlt. If P.,,, is.the rated crystal power, 
R. is the maximum series resistance of the crystal 

unit. and 1l, is the minimum expected resistance 
of the crystal unit, then, by equation 1--861 (2), 
E. must not be greater than the value 
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1-362 (1) 

Since the Meacham oscillator is most applicable 
for use in the low-frequency range where crystal 
units having resistances in the neighborhood one 
or more thousand ohms are not uncommon, the 
risk is greatly increased that an exceptionally 
well-mounted crystal will have a resistance of as 
little, as, perhaps, R.n/25. Also, since the Meacham 
circuit is primarily useful as a precision oscilla
tor, an additional safety factor should be allowed 
to prevent the crystal unit from being driven be
yond its test specifications. For these reasons, it 
is suggested that in the absence of prior experi
ence or manufacturer's recommendations for a 
given type of crystal unit, the Meacham design for 
frequencies below 200 kc assume a minimum R 
of Rm/25, rather than Rm/9 as was assumed in the 
case of the parallel-resonant oscillator design. 
However, it can still be assumed that the most 
probable crystal unit will have an R = R,.,/3. If 
the crystal unit to be used is a precision GT cut, 
a safety factor as large as N = 25 ne~ not be 
made. In any event, crystal units having resist
ances less than Rm/9 can be expected to be ex
tremely rare, and if N = 9 is considered a suffi
cient safety factor, an output voltage two-thirds 
greater can be realized than if N is assumed to 
be 25. A crystal unit having a resistance less than 
R.,/9 would be driven beyond its test level, but 
far beJow a level that could damage the crystal. 
Since the resistance is already low, an increase 
in resistance with overdrive would do more good 
than harm. The only concern is that the frequency 
of a borderline crystal may deviate beyond the 
tolerance limits. Such a risk could be checked dur
ing a production test, but would subtract from the 
reliabilitf of crystal replacements in the field. In 
equation 1--361 (10), it can be seen that when k 
is a minimum (when R, = Rm), the imbalance, 
as measured by i, is a minimum. When k is large, 
the percentage changes in (k + 1) and in R, are 
very nearly equal, so that the imbalance tends to 
vary as the square of R,. k should be chosen for 
maximum frequency stability under variations of 
C., assuming that the crystal unit resistance is its 
most probable value ( approximately R.n/3). Ac
cording to equation 1--359 ( 5), with all else fixed, 
the percentage change in frequency is a minimum 
when k = 1. The most 'probable optimum value of 
k, therefore, fixes Ra as equal to Rm/3. Thus, for 
any random value of R., 

1--362 (2) 
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Next, a value of m equal to 4/3 (see equation 
1-359 (10) ) should be chosen, to provide maxi
mum frequency stability on the assumption that 
equations 1-359 (8) and (9) are to apply when 
R, is its most probable value. After this is done, 
a safety factor of N should be selected, and the 
maximum value of E. should be determined by 
equation ( 1), such that it will not require a bridge 
voltage sufficient to overdrive the crystal unit 
when R1 is equal to Rm/N. N~xt, a thermistor is 

chosen that will provide a value of R, = _lh_l 
m-

when E, is equal to, or less tnan, the maximum 
value determined above. Next, the ratio Np/N. can 
be determined, using equation 1-359 (7) with the 
assumption that k 1 and m = 4/3. This gives 

a ratio ~ = vio = 4, which value thus provides 
~ 

the greatest probability that random changes in 
c. and C,, can cancel when R, is its most probable 
value. The next step is to select a tube with high 

fl 
l86,2~Z_KC __ _ 

class-A gm and R1,. A 6AC7 would be very satisfac
tory. Using equation 1-361 (6), determine N" on 

the assumption that Z1, = -¥8 when R, = ~"'. Now, 
N. can be made equal to N,./4. R2 , of course, must 
be variable over a percentage range comparable to 
that to be expected from the crystal unit. Normal 
tube voltages are used. The other circuit compo
nents can be determined according to the tube 
specifications for class-A operation and the special 
output requirements of the oscillator. E1., E., E., 
11., I,., etc can be determined from the equations in 
paragraph 1-361, the frequency stability from 
equations 1-359 (5) and (6), and the activity 
stability from equation 1-360 ( 14) for maxi
mum, most probable, and minimum values of R,. 

MODIFICATIONS OF MEACHAM BRIDGE 
DESIGN 

1-363. Two designs of the Meacham bridge sta
bilized oscillator are shown in figure 1-163. In each 

NONLINEAR 
AMl'I..IFlER 
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of these circuits inductor-capacitor combination 
has been connected in series with the crystal unit. 
Obviously the combination is intended to be reso
nant at the crystal frequency. The variable ar
rangement shown in figure 1-163 (A) permits the 
frequency to be pulled to a more exact value if 
desired, the crystal unit (if nece3sary) operating 
with a reactive component in its impedance. Or, in 
case the tube Qperates into a partly reactive load, 
the tuning elements in the bridge could permit the 
crystal, itself, to operate at exactly series reso
nance. The series inductor and capacitor are effec
tive in aiding the initial build up of oscillations 
and in ensuring that the crystal assumes control 
at the frequency of the desired mode. It can also 
be presumed that the LC combination in the bridge 
improves the waveform somewhat and reduces the 
small distortion introduced by the tungsten lamp. 
This distortion is due to the fact that the filament 
cools at least to some extent during the time that 

= 

,oo IC3A 
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the current alternates from its effective value in 
one direction to its effective value in the opposite 
direction. At frequencies above 100 cycles per ·sec
ond this distortion in the waveform is not serious. 
At radio frequencies it is normally small compared 
with the distortion introduced by the tube. The 
resistance R, in figure 1-163 (A) appears to- be 
inserted in order to maintain a constant tube load 
by minimizing the variations in the bridge im
pedance due to adjustments and to crystal units 
having difference resistances. In figure 1-163 (B) 
note that the crystal unit is grounded. This is the 
usual arrangement. The parallel primary wind
ings of the grid transformer in the same figure 
suggest that the arrangement is an adaption of a 
readily available transformer, very probably of 
the same construction as the one in foe plate cir
cuit. The parallel primary connection is in the di
rection of phase addition. Because the near-unity 
coupling between the coils effectively doubles the 
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inductance of each, the parallel connection pro
vides the same step-up arrangement and primary 
impedance that would be provided by only one of 
the coils if used alone, but with a reduction in the 
leakage inductance. A Meacham bridge-stabilized 
oscillator can be designed employing two or more 
tubes. On the average, slightly better frequency 
stability can be achieved with a two-tube circuit, 
but only in rare instances are the additional cost, 
space, and weight requirements worth the small 
improvement in performance. Perhaps, at fre
quencies in the neighborhood 1000 kc or higher the 
two-tube arrangement could be more profitable 
than the one-tube stage. The design of a multi
stage bridge oscillator can be practically the same 
as that of the one-stage circuit except that the 
tube gain, G2, is replaced by G21G22 ••• G2,., where 
G ... is the voltage gain of a transformation stage 
between the output and input of the bridge, and 
where n is the total number of such transforma
tions. By increasing the number of positive-db 
stages, the bridge i can be made as small as de
sired, and the frequency and activity stability will 
be increased in proportion to the gain. It is because 
the possible gain is unlimited for all practical pur
poses that the Meacham oscillator represents the 
ultimate in precision control of the frequency. In 
the final analysis the Jimiting condition is the de
gree to which the crystal parameters, themselves, 
can be kept constant. Figure 1-164 shows the basic 
circuit of a two-tube Meacham oscilJator that em
ploys no transformers and offers the advantage 
of only a single tuned stage. Although the design 
equations are somewhat different from those of 
the conventional one-tube stage, the same basic 
approach is to be employed, and the problems to 
be encountered can be solved similarly to those of 
the transformer-coupled circuits. 

Capaclta•ce-lrldge Oscillators 

1-364. Capacitance-bridge oscillators may possibly 
prove suitable for use in the v-h-f range. Their 
advantage lies in the fact that a properly balanced 
capacitance bridge cannot provide sufficient feed
back of the proper phase to sustain oscillations at 
any frequency other than the tuned frequency of 
the circuit, prO'IJided a crystal unit is connected 
in the circuit that has a resonant mode of vibrtb; 
tion at the tuned frequency. A properly balanci!d 
capacitance-bridge oscillator is thus crystal-~on- ''. 
trolled, rather than crystal-stabilized. On the other ' ; 
hand, if the bridge is not balanced, the circuit can 
operate as a free-running oscillator, which may 
or may not be crystal-stabilized. For the purpose 
of ensuring operation of crystal units at desig
nated very high harmonic modes, the capacitance 
bridge, if not the most dependable, is at least as 
dependable as any other so far tested. The princi-
pal disadvantage of this type of circuit is that . . i 
rather critical tuning adjustments must be made,,.\/,; ~ 

and one crystal unit cannot replace another unless 
these adjustments are repeated. Largely on this 
account the circuit is not to be preferred for fre- ,f 

quencies below 60 me, and perhaps not below 76N'1' · 

me. Nevertheless, once the bridge is properly ad~"' 
justed, the operation with a crystal unit free of 
spurious modes is dependable under any extremes 
in temperature that can be reasonably expected. 

BASIC CIRCUIT OF CAPACITANCE-
BRIDGE OSCILLATOR 

•t-365. Figure 1-165 illustrates the basic circuit 

• The discussion in P.arapaJ!h 1-365 !s ~ed upon the 
analysis of the basic c1rcu1t .ap~nng m the -r~port, 
H.F. Harm.onu; Cryatal lnveatigatwn, by S. A. Robmaon 
and F. N. Barry of Philco Corporation, on Army Contract 
#W83-038 ac-14172, 1947. 
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of a capacitance-bridge oscillator. The first design 
consideration in this oscillator, as in all others 
that are to operate in the v-h-f range, is to keep 
an the leads as short aa possible. Those circuit ar
rangements and circuit components that provide 
a minimum of stray inductance and capacitance 
are to be preferred. In the circuit of figure 1-165 
(A), L" and L. are actually a single, tapped induc
tor with the two sides wound on the same form 
and tightly coupled together. The induced-voltage 
effect is equivalent to that of a single generator 
connected across both coils and driving the bridge 
with an emf (E" + E.) - Ev(Np + 1). Np, the 
turns ratio of L" to L., is usually, and most con
veniently, equal to 1. In .case the shunt capacitance 
of the crystal unit is greater than 10 µ.µ.f, it would 
be desirable to make N" slightly greater than 1. 
An N" greater than 1 but less than 2 can be ex
pected to provide a higher output, but the opera
tion wm tend to be more critical and the frequency 
less stable. Before the circuit is placed in opera
tion, the bridge must be balanced at an off-reso
nance frequency, so that no voltage can appear 
across the grid circuit. At an off-resonance fre
quency the crystal unit appears as a capacitance 
C.., so that under the conditions of balance 

With N"..-= 1, Cb is adjusted to equal C0 • (Cp is 
here assumed to include C,,., and Lp to account for 
C". See figure 1-165 (B).) The total capacitance 
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in the circuit is thus, 

1-365 (2) 

Since the distributed inductance of the ceystal 
leads, L', tends to increase the effective value of 
C0 , the frequency at which the bridge is balanced. 
should not be greatly different from the intended 
operating frequency. If L' is unduly large, a series 
capacitance should be connected in the crystal arm 
of the bridge sufficient to annul the stray induct
ance in the vicinity of the operating frequency. 
Once the bridge is balanced, Cb should not be ad
justed again. The initial adjustment is rather 
critical, requiring an 8,ccu,racy of a few tenths of 
a micromicrofarad. C0 and c. in the v-h-f range 
should be as small as possible. The coaxially
mounted crystals, such as those contained in the 
HC-10/U holder, are to be preferred on this ac
count. Values of C0 in the neighborhood of 4 or 5 
µ.µ.f are quite feasible. C., can be further reduced 
by connecting an inductor across the crystal unit 
to annul part, but not all, of the shunt capacitance; 
however, this should be avoided, because the pres
ence of the inductor would narrow the frequency 
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range over which the bridge can be conaidered 
balanced. Cb must be adjustable over the expected 
capacitance range of the particular type of crya-
tal unit to be used. Ci is the tuning capacitance. 
For crystal-controlled operation, Ci is adjusted so 
that the total circuit capacitance Cr is approxi
mately resonant with the toW inductance at the 
operating frequency. To balance the circuit, Ci is 
set to a position that tunes the bridge to a fre
quency well off the resonauce frequency of the 
crystal unit. Referring to figure 1-165 (C), it can 
be seen that E.r equals (E. + Ecn). At the tuned 
frequency, R can be neglected and the crystal unit 
considered as a capacitance, C0 • Approximately, 
E. and Ecn are 180 degrees out of phase, and there
fore tend to annul each other. Now, assume that 
Cb is made to approach zero. I, and Ecn therefore 
become negligible, and the circuit behaves as if 
the crystal side of the bridge were open-circuited 
at Cb. The remaining circuit would be simply a 
Hartley oscillator with the crystal unit serving as 
a blocking capacitor between the inductor and the 
grid. If Cb is gradually increased, Ecn builds up 
until a point is reached where .E. effectively is can
celed and Es is insufficient to sustain oscillations. 
Cb should then be increased one more increment 
beyond the oscillation cutoff. At this setting of Cm 
the bridge can be considered properly balanced, 
but a check should first be made that oscillations 
do not occur at other settings of Ci well removed 
from its value fqr crystal control. If such oscilla
tions do occur, the adjustment of Cb should be 
repeated. The free-running oscillations can be dis
tinguished from the crystal-controlled oscillations 
by the continuous nature of their activity curves 
as measured by grid current and output meters 
when C1 is varied above and below a discontinuous 
region. A discontinuous point indicates an abrupt 
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Figure 1-165. (C) Simplitled equivalent circuit 
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chan&'e to crystal control, where the frequency be
gins to change at a much slower rate with varia
tions in circuit capacitance. However, once the 
bridge is balanced, no oscillations occur except 
near the crystal resonance frequency, in which 
region the bridge balance is upset. 
1-366. Referring again to figure 1-165 (C), with 
the circuit balanced, suppose that C1 is gradually 
increased from its minimum value. At some point 
oscillations suddenly start ; as C1 is further in
creased, the activity builds up to a maximum and 
then sharply declines, as is illustrated in figure 
1-166. Note also the sharp decrease in frequency 
when maximum amplitude is apl)roached. Appar
ently, when oscilJations first begin, the crystal ap
pears inductive. Ec-n therefore has a large compo
nent in phase with E., and the circuit is essentially 
a modified Miller oscillator. Also, the ratio of I, to 
I3 is a maximum, since Ecn tends to cancel the 
voltage across Cb. As C1 is slowly increased, the 
frequency and the inductive reactance of the crys
tal drop. This means that the effective Q of the 
grid circuit also decreases. Although the presence 
of the capacitance C1 modifies the phase relations, 
the circuit performs fundamentally as a Miller 
oscillator. L. can be interpreted as something of 
a booster inductor to increase the effective induct
ance of the crystai unit, and I, can similarly be 
viewed as a booster current to boost the voltage 
across the inductive component in the grid circuit 
without, at the same time, increasing the voltage 
across the crystal Re• That the capacitance-bridge 
circuit actually has the same characteristics as 
does the Miller circuit is well illustrated by the 
similarities between the curves of figure 1-166 and 
the equivalent curves for the MiJJer oscillator 
shown in figure 1-144. Note that for both oscilla
tors, the circuit capacitance for maximum excita
tion does not coincide with, but is smalJer than, 
the value for maximum output. One significant 
difference between the two circuits is the fact that 
the Miller circuit cannot maintain the proper feed
back phase if the crystal is operated at series 
resonance, whereas the capacitance-bridge circuit 
can, because of the presence of L •. Where oscilla
tion cutoff for the Miller circuit is above the series
resonance frequency of the crystal, it is below the 
series-resonance frequency in the capacitance
bridge circuit. 
1-367. If the crystal control is to be fully effective, 
the series-arm resistance must be small comp.'.lred 
with the shunt reactance, Xco• A 'thougL this 
requirement becomes incre'.l 0 ingJ,, ditf, ·1li ~t 
the higher harmonics, i:, ~rr• t.1: ;;,•hieH,ct, even 
at frequencies well abov<.> 10!! ,n,, /\ssumin~ that 
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the series.arm R is not more than one-tenth 
the magnitude of Xeo, then the approximate 
equation for the effective crystal reactance, Xe = 
X.X0o/ (X0o + X.), where x. = 4,,LAf series-arm 
reactance, is sufficiently close for an interpretation 
of the capacitance-bridge performance. Now, os
ciJJations cannot start unless I XCbl > X., + X~. 
Xci, we shall assume is equal to Xeo under the con
ditions of balance. x. is equal to IXeol, and hence 
to I XCbl, when X. = -Xeo/2, that is, when the crys
tal unit is halfway between series resonance and 
antiresonance. Thus, when oscillations start, the 
crystal frequency must be much nearer to the reso
nant than to the antiresonant state. Also, the plate 
circuit must appear inductive to the vacuum tube 
to a degree dependent upon the effective Q of the 
grid circuit. This means that I1 must be slightly 
greater than (Ia+ Ia+ I4 ). In figure 1-165 (A), 
it can be seen that the crystal unit operates into 
a load reactance approximately equal to the paral
lel combination of C1 and the inductor (Li, + L.) 
in series with Cb. As the reactance of C1 approaches 
that of the inductor, the reactance of the parallel 
combination rises very sharply, and a small.change 
in C1 can make a large change in the load reactance 
across the crystal unit. More than any other factor, 
this is the reason for the sharp dip in the fre
quency curve as C1 approaches a maximum. 
1-868. It is not possible to tell at which point in 
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the curve the crystal passes through series reso
nance. Since at series resonance the reactance of 
C1 in parallel with L 1, and L •. is equal, approxi
mately, to -Xcb, the resonance frequency may well 
be below the knee of the curve for a crystal having 
a very small C0 ( conditions for large Xcb and near
parallel resonance of C, with the inductor) and 
above the knee for crystals of larger C0 • At 
series resonance, if R is smaU I, approximately 
equals 1.cb;c,. Assuming that E. ( = I.xi:.) leads 
Ecn(= I.R) by 90 degrees, the effective Q of the 
grid circuit at series resonance is equal to E./Eoa, 
When E. and Ecn are expressed as functions of I., 
Cb, C" and Xr.., it can be shown that (series reso-

nance) Q, = ~ = X1.a(~(l Cb). The above 
.c..cn b 

equation is only a broad approximation in the .v-h-f 
range, since all the distributed parameters have 
been ignored, particularly the grid capacitance 
and the resistance of the inductor. However, it 
does indicate that the larger the ratio of C1 to Cb, 
or, equivalently, X0o/Xc1o the smaller the inductive 
phase shift that will be required in E1., and the 
more nearly will the bridge tank approach parallel 
resonance. If R, or rather the total grid losses, 
should increase or decrease, the frequency will de
crease or increase, respectively. It seems safe to 
assume that crystal units having the larger values 
of RC0 products will operate fairly near their 
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series-resonant state. This is due partly to the fact 
that the smaller the Xc .. /R ratio, the smaller the 
frequency range between resonance and antires
onance. Crystal units having the smaller values 
of RC0 wiJJ perform with greater amplitude and 
frequency stability if operated above series reso
nance. Unfortunately, crystal units in the v-h-f 
range are tested only for series resonance. The 
greater likelihood of the occurrence of unwanted 
modes increases the importance of having the cir
cuit designed so that the operation of the crystal 
unit lies within its tested specifications. While the 
capacitance bridge is excellent for preventing all 
modes of oscillation except the one desired, it is 
not a true series-mode oscillator, although it is 
so classified because its v-h-f application requires 
the use of crystals that are only series-tested. 
Rather, the oscillator is something of a hybrid 
between a Miller and a stabilized Hartley circuit. 
In the interest of frequency and amplitude sta
bility, the circuit should be adjusted to. operate 
above the knee of the frequency curve. A setting 
of the tuning capacitance corresponding to a grid 
current of 60 per cent of the maximum possible 
provides, approximately, the optimum output volt
age and operating state nearest series resonance 
that are consistent with the operating region of 
better stability. The peak of the . voltage-output 
curve in figure 1-166 corresponds closely to the 
adjustment for maximum tank impedance, which 
certainly occurs below series resonance where the 
crystal unit appears as a capacitance. The larger· 
the capacitive reactance that the crystal unit can 
have and still permit oscillations, the more nearly 
can series-resonance oscillations fall within the 
higher stability region. For this purpose, the ratio 
of L. to LP and of ch to Co should be as large as 
unity, or greater, when the capacitance-bridge 
oscillator is to be used with series-tested crystal 
units. 

DESIGN MODELS FOR CAPACITANCE
BRIDGE OSCILLATORS 

1-369. The circuits shown in figures 1-167 through 
1-171 represent five different modifications of the 
capacitance-bridge oscillator. These circuits were 
designed and tested by the research team of S. A. 
Robinson and F. N. Barry of Philco Corporation. 
No single type of circuit was found to be superior 
for operation over the entire tested frequency 
range of 50 to 200 me, but each circuit has advan
tages for certain applications. The inductive arms 
of the bridge can be a single, self-supporting 
tapped inductor having an inside diameter of one
quarter inch or greater. Silver-plated A WG No. 16 
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wire can be used. The tuning and balancing capaci
tances are small air capacitors. The fixed capaci
tances are, for the most part, the button-mica Erie 
type. Composition resistances are used, having 
nominal values of ± 10 per cent. Successful opera
tion of any of the circuits depends largely upon 
arranging the circuit components to permit the 
shortest possible leads, and all components should 
be of small physical size. Silver-plating of the com
ponents is desirable, and careful shielding and the 
use of low-loss insulating materials is necessary. 
Without good shielding and well-insulated capaci
tor shafts, it may be impossible to adjust the 
bridge properly because of the effects of hand ca
pacitance. Transmit-time effects become quite sig
nificant as the frequency is increased beyond 50 
me. The lag in the response of the plate current 
with rapid changes in the grid voltages is equiva
lent to the circuit behavior that would result if 
an inductance were connected in series with R1, of 
the tube. The lower the plate voltage, the larger 
is the apparent inductance and its accompanying 
tendency to lower. the frequency. Usually, this 
effect makes it easier to operate the crystal unit 
at series resonance, but the need for careful B + 
regulation becomes all the more important. For 
normal voltages, transit lag is approximately. 0.2 
degree per megacycle in v-h-f tubes such as the 
6AK5. 

SINGLE-TUBE, 50- TO 90-MC 
CAPACITANCE-BRIDGE OSCILLATOR 

1-370. The circuit shown in figure 1-167 has been 
operated at frequencies as high as 135 me, but its 
particular merit lies in its performance at frequen
cies between 50 and 90 me. When operated in the 
high-stability region, output up to 10 volts can be 
obtained, although care should be taken that the 
rated drive level of the crystal is not exceeded. 
Outputs of 2 milliwatts into an inductively cou
pled 100-ohm resistor can be obtained in the same 
operating region. 

COMPACT, MINIATURE, 50- TO 120-MC 
CAPACITANCE-BRIDGE OSCILLATOR 
1-371. The circuit shown in figure 1-168 is par
ticularly suited for construction as a small, pack
aged, plug-in oscillator. J f desired, several such 
oscillators of different frequencies can be designed 
as interchangeable units of the associated equip
ment. The entire shielded unit need not occupy a 
space greater than 6 cubic inches. The maximum 
frequency at which this circuit was found to oscil
late was 156 me, but the activity at that frequency 
was less than one-tenth that at 50 me. At 120 me 
the activity is approximately one-fourth of that at 
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50 me, so 120 me appears to be the most practical 
upper frequency limit. A subminiature tube hav
ing high transconductance is used. Greater output 
is to be achieved with a triode, but greater fre
quency stability is to be had with a pentode. With 
a triode, the comparatively large plate-to-grid ca
pacitance which shunts the balancing condenser 
may make it difficult to achieve a balancing capaci
tance as small as that of the crystal unit. This 
condition requires that the L-2A section of the 
bridge inductor be somewhat larger than the L-2B 
section. The possible output is reduced thereby, 
but the crystal unit will be operated nearer its 
series-resonance frequency. The output secondary, 
L,, can be a single turn coupled to the plate end 
of L,. 

CAPACITANCE-BRIDGE OSCILLATOR FOR 
GREATER POWER OUTPUT IN THE 
50- TO 80-MC RANGE 

1-372. The circuit shown in figure 1-169 was de
signed for the purpose of achieving a maximum 
power output without regard to the rated drive 
level of the crystal unit. However, none of the 
crystals used were fractured during the experi
ments. The higher-power circuit is essentially the 
same as that of figure 1-167 except that the N1, 

ratio of the bridge inductor is greater, higher volt
ages are used, and a 6AG7 replaces the 6AG5 tube. 
Although the 6AG7 has a higher transconductance 
and power rating than the 6AG5, the interelec
trode capacitances are greater, the internal leads 
are longer, and the base is constructed of higher
loss material. The circuit operated at frequencies 
as high as 102 me, but above 80 me the disadvan
tages introduced by the vacuum-tube construction 
make the circuit impractical. Better performance 
might be expected with a 6AH6. With the tube 
operated near its maximum ;,·ated dissipation, a 
one-watt inductively coupled output was obtained 
at 54 me, and one-third watt at 80 me. These out
puts are representative of the peak obtainable. 
Much less power is to be had if the oscillator is ad
justed for operation in the higher-stability region. 

TWO-TUBE, 50- TO 100-MC 
CAPACITANCE-BRIDGE OSCILLATOR 

1-373. The circuit shown in figure 1-170 is similar 
in operation to the one-tube circuit except that the 
feedback has an additional amplifier stage to boost 
the gain. There is a significant difference in that 
the crystal unit is connected to the plate side of the 
bridge. Under this arrangement, the excitation 
voltage of V, lags the r-f plate voltage of V2, 

which means that if the plate load is resistive the 
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r-f plate voltage of V, would tend to Jag the re
quired excitation voltage of V,. For oscillations 
to occur, the plate tuning tank of V, must appear 
inductive in order to shift the input of V, to the 
proper phase. After equilibrium is reached, a 
slight increase in the value of C, causes the plate 
impedance of V, to become more nearly resistive, 
and therefore the input of V, becomes more 
nearly 180 degrees out of phase with the input of 
V,. This requires that the frequency drop to a 
point where the voltage across C, is more nearly 
in phase with the r-f plate voltage for V,. For 
both tubes to operate into resistive loads, the 
crystal unit must appear as a capacitance. For the 
crystal unit to operate near series resonance and 
at the same time maintain the oscillations in the 
higher-stability region, it would seem that R,, the 
parasitic damping resistor in the input circuit of 
V, can be replaced, if necessary, by a resistance 
comparable in value to the V, input reactance. 
The effect will be to shift the V, input phase in 
a lagging direction, which would require the V, 
tank to be more detuned, and hence less critically 
adjusted. This, in turn, will require a comparable 
shift in the phase of the input to V,, which is to 
be had by a decrease in frequency, thereby per
mitting the bridge to be less critically tuned in the 
vicinity of the crystal resonance point. The circuit 
in figure 1-170 was found quite practical for use 
as a test oscillator for measuring the relative per
formance characteristics of harmonic-mode crys
tal units. During the temperature runs, even 
though frost had collected on various components, 
the operation of the circuit was little affected. For 
duplicate units of this circuit to provide essentially 
the same meter readings for tests of the same 
crystal unit, it is necessary that the vacuum tubes 
used in the twin circuits show the same plate char
acteristics within ±5 per cent. A breadboard 
model of the oscillator having different values of 
tuning inductances was able to operate at 140 me. 
L., in figure 1-170, is a 5-turn coil, approximately 
one-quarter inch in diameter; L1 and L, are the 
two halves of a 4-turn, center-tapped coil, approxi
mately one-half inch in diameter. 

MULTITUBE CAPACITANCE-BRIDGE 
OSCILLATOR OPERABLE AT FREQUENCIES 
UP TO AND ABOVE 200 MC 

1-374. The circuit shown in figure 1-171 has been 
used to generate crystal-controlled frequencies as 
high as 219 me, the seventy-third harmonic of a 
3-mc crystal. This frequency approaches the ulti
mate directly obtainable with quartz crystals at 
the present state of the art. A large part of the 
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success of the oscillator in figure 1-171 is due to 
the balanced electrical and mechanical nature of 
the push-pull capacitance-bridge circuit. The op.. 
eration is very much the same as that of the cir
cuit in figure 1-170 except that the bridge stage is 
operated in push-pull. With different values of 
inductance, the circuit provides reliable frequency 
control anywhere in the v-h-f range, from 200 me 
on down. Probably its most practical application 
is as a harmonic test oscillator. The upper fre
quency obtainable is not limited by the circuit 
itself, but by the resistances and shunt capaci
tances of the crystal units. 

OTHER MODIFICATIONS OF THE 
CAPAC IT ANCE-BRI DGE OSCILLATOR 
1-375. A number of capacitance-bridge modifica
tions have been successfully attempted, four of 
which are illustrated in figure 1-172. The circuits 
are largely self-explanatory, and will not be dis
cussed here. Probably of most importance is the 
electron-coupled circuit, since it permits frequency 
multiplication in the plate circuit. The triode con
nection of the crystal circuit probably prevents 
the crystal, itself, from being operated at frequen
cies above 75 me. 

244 

The Buffer Osclllator 

1-376. At the present time, probably the most 
widely used of the series-mode oscillators is the 
Butler, cathode-coupled, two-stage oscillator. The 
basic design and equivalent circuits are shown in 
figure 1-173. Although the single-tube, trans
former-coupled type of oscillator will probably out
rank the two-tube circuit eventually, the Butler 
oscil1ator is the more popular at present because 
of its simplicity, versatility, frequency stability, 
and, of most importance, its comparative reliabil- / 
ity. With the older types of crystal units, it was 
generaUy found that the Butler circuit was the 
least critical to design and to adjust for operation 
of the crystal at a given harmonic. The balanced 
arrangement of the circuit and the fact that twin' 
triodes can be obtained in a single envelope con
tribute a saving in space and cost, and permit the 
use of short leads. For greater frequency stability 
than is normally to be had from parallel-mode 
oscillations, the cathode-coupled circuit can be 
used quite satisfactorily at any of the lower fre~ 
quencies provided the resistance of the crystal 
unit is not greater than a few hundred ohms. 
However, the power output is small by comparison 



RFC 

IA) 

RFC 

18) 

B+ 

B+ 

Section I 
Crystal Oscillators 

Figure 1 -112. Miscellaneous copocitonce-brid{,e oscillators 

with that of the Miller circuit far the same crystal 
power, and the broad bandwidth without plate 
tuning of the Pierce circuit is not matched. The 
Butler circuit is usually designed for class-A op
eration, but class C is possible if greater output 
and plate efficiency are desired. The output may 
be taken from almost any part of the circuit-the 
plate or cathode of either tube. Quite often the 
cathode folJower, V,, in figure 1-173, is a pentode, 
with the screen, control grid, and cathode forming 
a triode section electron-coupled to a plate circuit 
that usually is tuned for frequency multiplication, 
although the electron coupling can be employed 
simply to obtain greater output amplitude and to 
isolate the load from the oscillator circuit. At very 
high frequencies, where the shunt reactance of 
the crystal unit approaches the magnitude of the 
series-arm R, the operation is generally improved 
by shunting the crystal unit with an inductor that 
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is antiresonant with the shunt capacitance of the 
crystal at the operating frequency. When properly 
designed and adjusted, the two tubes operate 180 
degrees out of phase into resistive loads, and the 
crystal unit acts as a pure resistance. 
1-377. In figure 1-173, V, is connected as a 
grounded-plate cathode follower. The V1 output 
current, J.., enters the feed-back path through the 
crystal unit, which is operating at series reso
nance. The impedance of the crystal unit is thus 
approximately equal to the equivalent series-arm 
resistance, V2 , a grounded-grid amplifier connected 
in the feed-back circuit, is excited by I,, the com
ponent of I,. that passes through R,. 11,,, the re
maining component of the feed-back current passes 
through V •· It can be seen that the inpu.t voltage 
of V., E11,, is equal to the output voltage of V, if 
we assume that the coupling capacitance is infinite. 
The plate circuit of V, is broadly tuned to the de-
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sired frequency. If ZP were simply a resistance, 
the circuit could still oscillate at the first crystal 
harmonic. If the crystal unit were shorted out, the 
circuit could also oscillate, but with the frequency 
control1ed by the tuned plate circuit. R1 and ~ are 
usually equal, having values between. 50 and 200 
ohms. V, and V, are also usually of the same tube 
type. As will be seen, frequency stability is im
proved with large values of transconductance. Note 
in figure l-17S(B) that the r-f plate current in V, 
is greater than that in Va, As in all other vacuum
tube oscillators, there are two fundamental equi
librium conditions to consider: the over-all gain 
must equal unity, and the over-all phase shift must 
equal zero. We shall first consider the factors 
affecting loop-gain. 

LOOP GAIN OF BUTLER CIRCUIT 

1-378. At equilibrium we can say that 

1 = Ei . ~. Ep = G1 G2 Ga (respectively) 
Ep E1 E,a 

1-878 (1) 

The immediate problem is to find the values of °" 
in terms of the circuit parameters. First, referring 
to figure 1-178 (ignore the capacitance C..,1 in cir
cuit (B) ), assume that the voltage across R, is 
approximately equal to Ep, then 

and 

= P.1;. 
Ri-1 + Z1t (µl + 1) 

On combining equations (8) and (4) 

and 

1--378 (2) 

1--378 (8) 

1--378 (4) 

1--378 (5) 

1--378 (6) 

The approximation in equation (6) is made on the 
assumption that (p., + 1) - P.1• If the numerator 
and denominator of equation (4) are divided by 
(p.1 + 1), we have 
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P.1 E 

I 
;;TI p 

pl= R 
--==.e!,_ + Zk 
µ.l + 1 

Note that with z.. tb:ed by the external circuit, 
the plate current is related to the excitation volt
ag'e, E1., in such a way that the tube behaves as. if 

it had an effective amplification factor of ,.
1 
+ 1 

and an effective plate resistance equal to µ.~ 1. 

This resistance is given the symbol Z, in figure 
1-173. If an additional resistance, RL, were con
nected between the plate of V1 and r-f ground, Z, 

would equal RL ± ~e1 
• Now, to find the value of 

/£1 + 
G: = E12/Ei, we start with 

and 

1--378 (7) 

E1 = I0 R - .µ.:, E_,.+ Ip, Ri,2 + I":i ZL 

1--378 (8) 

I0 = I2 + Ip2 1-878 (9) 

1-878 (10) 

On rearranging equation (10) to express E.- as 
a function of lpa, and substituting this function for 
E.- in equation (8), we have 

E1 = le R + Ip2 [ - "'2 (:p~+/d + Rpa + ZL] 

1--378 (11) 

From equation (11) we find that the equivalent 
generator of V, can be represented by an equiva
lent negative resistan~ 

1--378 (12) 

It can be seen that p is smaller in magnitude than 
(R112 + ZL), so that the total Va branch resistance 
is positive. Defining the V • branch impedance to 
be z., we have 

R:I?2 + ZL Z. = p + Rp2 + Zx, = "'2 + l 1--378 (13) 
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On substituting equations (7) and (18) int.o equation 
(10), we have 

Ip2 = R2 I2 
Z2 

so that equation (9) may be written 

1-378 (14) 

1-378 (15) 

On substituting equations (13}, (14), and (15) int.o 
(11), 

Ei = 12 R (Z2 + ~) + 111 ~ Z2 

Z2 Z2 

= I2 [R (Z2 + ~) + R2 Ziz] 1-378 {16) 

Thus 

To find G3 ( = EP/E12}, we see that 

Ep = lp2 ZL 1-378 (18) 

which, on substituting the value of Ip2 given in 
equation (14), becomes 

E = I2 R2 ZL 
p Zii 

Dividing by E12 ( = 12 ~), we have 

Gs=~= ZL 
Ea:2 Z2 

1-378 (19) 

1-378 (20) 

The conditions for equilibrium as expressed by 
equation (1) are thus found to be 

G1 G2 Gs= 

P.1 zk R~ zL = 1 
[Rpi + zk (,,,1 + l)J [(Ziz + ~> R + ~ Z2J 

1-378 (21) 

By a slightly different approach, in which the 
equilibrium is expressed as 

where 

G1' = Egl = R2 ZL - (Z2 + R2) R - R2 Z2 
Ep ~ZL 

1-378 (22) 
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and 

G1" === .~ = P.1 Z1t 
E11 Rpt + Z" 

1-378 {23) 

it will be found that 

G1' G1" G2 Ga = G1 G2 Gs = 

[ 
~ ZL 1] P.t Zi. = 1 

(Ziz + R2) R + ~ Ziz Ri,1 + Z1c 
1-378 (24) 

Since Rp1 and R,ZL are very large compared with 
Zs: and [ (Z, + Ra) R + R. Z,], respectively, we 
can simplify equations (21) and (24) by writing 

~ Zi_ Zk gml = 1 
(Zi! + ~) R + ~ Z2 

1-378 (25) 

On dividing both numerator and denominator by 
(Z1 + R,) and substituting for the values of Z11 
and Zr as defined in equations (6) and (7) of fig
ure 1-178, equation (25) can be simplified some
what. Thus 

Za2 ZL z .. g ... 1 . = 1 
Zii zf 

1-378 (26) 

1-879. The design of a Butler oscillator must be 
such that under no-signal conditions the left side 
of equation 1--878(26) is greater than unity. As 
oscillations build up, the principal effects will be 
a decrease in the effective gm1 and gm, as the sig
nal swings farther into the lower bend of the E.Ib 
curve. How large the equilibrium amplitude will 
be depends upon how much greater than unity the 
left side of equation 1-878 (26) is at the start. 
The larger the left-side magnitude, the greater 
must be the decrease in g1111 , and hence the greater 
the equilibrium activity must be. If the oscillator 
is to operate class A, as is usual, the gain equi
librium should very nearly hold for no-signal con
ditions, with due allowance made for a maximum 
Zr(= R + Z11 ) when R = Rm, the maximum series 
resistance permissible for the particular type of 
crystal unit chosen. With all else constant, maxi
mum activity is to be obtained when g,.1 and gm, 
are maximum under no-signal conditions. Assur-
ance that the crystal unit will not be driven beyond 
its rated power can be approximately predicted 
from the plate characteristics of the tube to be 
used. If no grid current is drawn, the bias on V1 
will be 

1-37!.l <1) 

where Ib1 is the average d-c plate current of 



V1• Grid current can be drawn if [(rnax)Ep -
(max) E,] is greater than Ib1Ri, in which ease the 
bias will be 

1-879 (2) 

Greater amplitude stability is achieved if R, is 
sufficiently small for equation (2) to apply. Using 
the appropriate equations in paragraph 1-378, a 
maximum value of E, can be determined that will 
not allow the crystal current, 1., to become greater 
than ~. where Pcm is the maximum recom
mended power level of the crystal, and R is any 
crystal resistance between Rm and Rm/9. Very pos
sibly, a twin triode may be preferred, or perhaps 
the choice of tubes will be dictated by the h-f type 
of tube most readily available. R, and R2 are to be 
kept as small as possible in the interest of fre
quency stability. In the final analysis, the plate 
voltage permitting an optimum output for the 
average crystal unit, without risking an overdrive 
for any expected value of crystal R, is most easily 
checked by experiment. 

DESIGN CONSIDERATIONS TO MAXIMIZE 
THE FREQUENCY STABILITY OF THE 
BUTLER OSCILLATOR 

1-380. If the cathode follower operates into a 
purely resistive network, as is indicated in the 
equivalent circuit of figure 1-173(B), maximum 
stability in the phase characteristics is obtained. 
As nearly a resistive circuit as possible is desir
able, for under these conditions the frequency is 
independent of the plate resistance of the tubes, 
and a small increment of reactance requires the 
least adjustment of the· crystal to restore a phase 
equilibrium. Eu the output voltage of the cathode 
follower, is in phase with the excitation voltage, 
EP. In a resistive circuit, Ep will be 180 degrees 
out of phase with E-2. Thus, Er2 must be 180 de
grees out of phase with E,. Since E112 is the voltage 
of ground with reference to the cathode of V2- and 
E1 is the voltage of the cathode of V, with refer
ence to ground, I, and I. must be in phase. For 
example, imagine that R is zero, then R, and R, 
could be assumed to 1,e two halves of a single re
sistance. In this case Er,i would equal -Eu and 
the proper phase relation would exist. 

1-381. To maintain .as nearly as possible a resis
tive circuit, ZP must ttme as broadly as is practi
cable; the tendency of the input capacitances of Vi 
and V, to shift the phase must be compensated; the 
transit time of the vacuum tubes must be mini
mized ; and, if an inductor is connected across the 
crystal unit to antiresonate with the shunt capaci-
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tance, C0 , the resulting parallel-resonant circuit 
must also tune very broadly. The tuned plate cir
cuit, ZI" must be sufficiently selective to ensure 
that the· circuit can oscillate only at the desired 
harmonic of the crystal frequency, but, beyond 
this, any increase in the tank selectivity only re
sults in a greater phase shift, and consequently a 
greater frequency shift, for a given percentage 
change in the plate capacitance. The use of a 
damping resistance as indicated in figure 1-178 (A), 
or a low-Q coil, will broaden the tuning of the 
tank. The stray capacitance from the plate of V • 
to ground should be kept to a minimum. 
1-382. To annul the input capacitance of V2, which 
is equal to the total capacitance between the cath
ode of V2 and ground, we can connect an inductor 
in series with R2 , or replace fl, 2 with a low-Q in
ductor and employ gridleak bias for V, (while 
keeping the grid at r-f ground by the use of an r-f 
bypass capacitor), or shunt R2 with an "inductor 
in series with an r-f bypass capacitor. In any event, 
the inductor is to be antiresonant with the cathode
to-ground capacitance at the operating frequency. 
With R2 acting as a damping resistance, a broad
band response is ensured for the antiresonant 
combination. 
1-888. The grid-to-cathode capacitance and the 
cathode-to-ground capacitance of V1 can also be 
annulled by the use of antiresonant inductors. 
However, a more effective and economical method 
is to design the circuit so that the two cathode 
capacitances of V1 neutralize each other regardless 
of the particular frequency. The grid-to-cathode 
capacitance, C"'" is illustrated by the dotted-line 
circuit in figure 1-173(B). The voltage across Cge1 

is E," so that the leading component of current 
through the grid circuit is 

1-383 (1) 

For convenience, let it .be imagined that aH of Isx 
flows through R and RP• in completing its circuit. 
If it is not to upset the phases of the voltages 
across these resistances, '111x must be annulled by 
an equal · lagging current through the R-Rp2-Zp 
circuit. Thus, assuming the transit-time effect is 
negligible, the plate tank must be slightly induc
tive if V2 is to operate into a purely resistive load. 
This much can be controlled by the adjustment of 
the V2 plate circuit. With the circuit properly ad
justed, it can now be imagined that I,;, is no longer 
a part of I,, but circulates directly through ZL and 
C..,1 in series. The design problem is to ensure that 
no part of Ip flows through R1 or V,, but returns 
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to ZL by flowing entirely through the V1 cathode
to-ground capacitance, C1-not shown in figure 
1-173. Furthermore, the design should be such that 
I"' is all the current that flows through C1; other
wise, there will be a net unneutralized leading com
ponent upsetting the voltage phases in the rest of 
the circuit. With proper neutralization, the only 
reactive current will be confined to a series circuit 
comprised of C..,i, Ci, ground, and an effective in
ductance shunting Zv The voltage across each of 
the reactive impedances due to 1.,. will be equal in 
magnitude and phase to the voltages caused by the 
in-phase currents flowing through the correspond
ing resistive impedances. Thus, to neutralize the 
circuit, the leading current, Ip, flowing through 
C1 must of itself produce the voltage E1, This 
occurs when 

E1 = I ... Xc1 1-383 (2) 

or, using equation (1) to replace I.,., 

E1 = Ea1 X01 
x.111 

1-383 (3) 

Now, 

Ei = µ1 E,1 zk g E z 
Rp1 + zk = 1111 .. 1 le 

1---383 (4) 

Using equation (4) to eliminate E 1 in equation· (3), 
we have 

or 

Z C..,1 
gm! k = C1 1-883 (5) 

Equation (5) defines the ratio for the V1 input 
to output capacitance that should exist for maxi
mum frequency stability. 

1-384. To minimize the tendency of the transit 
time to cause the respective plate currents of V, 
and V1 to lag the equival-ent generator voltages, 
small-dimensioned h-f tubes should be used, and 
the plate voltages should be as high as practicable. 
If the additional expenditure in the design and 

, production of the circuit are warranted, suitable 
networks can be devised to neutralize the transit 
effects. 

1-385. At the higher frequencies the series resist
ance of the crystal unit tends to increase, since 
the lagging component of current through the 
series arm must increase in order to annul the 
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increased leading component through the shunt 
capacitance, C.,. For this to occur, the frequency 
may need to be increased considerably above the 
natural resonance of the motional arm, so that the 
effective series resistance approaches the value of 
a parallel-resonant impedance. To reduce the re
sistance to the series-arm value, C0 should be 
annulled by an antiresonant inductor having an · 
inductance 

1-886 (1) 

To prevent the crystal shunt reactances from be
ing more frequency sensitive than the plate circuit 
of V,, a shunt resistance should also be connected 
across the crystal unit to dampen the L0 C0 tank. 
A suitable resistance, R0 , that can interfere very 
little with the crystal stabilizing effect is 

1-886 (2) 

where R,.. is the rated maximum permissible crys
tal series resistance. 

STABILIZING EFFECT OF CRYSTAL 
IN BUTLER CIRCUIT 

1-386. From equation 1-241 (2) we found that 
for a crystal operating at series resonance the 
fractional change in frequency required to produce 
a amall change in phase, do, is expressed by 

where R. is the total resistance the crystal faces, 
including the crystal's own resistance, and Land 
C are tlie series-arm parameters of the crystal 
unit. In the Butler circuit (refer to figure 1-173) 
the crystal operates into a resistance 

1-886 (1) 

where Zr is the resistance of the feed-back circuit, 

and R~!z, is the output resistance of V1• On 
substituting the values for Z, and Zr, we have 

1-886 (2) 

If we assume that Rp1 = Rp2 = Rp > > ZL, and that 
250 



µ.1 • 11-2 = µ. > > 1, equation (2) becomes 

or 

R.,=R+ R2 + 
~m+l R1gm + 1 

1-386 (3) 

From equation (3) it is seen that the Q of the 
crystal circuit, and hence the frequency stability, 
is to be improved if R2 and R1 are kept as small 
as possible and the transconductance of each tube 
is high. If R1 and R2 are of such values that the 
denominators in equation (3) are large compared 
with 1, a limiting value is approached, where 

2 
(max) Re= R +

gm 

DESIGN PROCEDURE FOR 
BUTLER OSCILLATOR 

1-386 (4) 

1-387. In considering the use of a Butler oscillator 
for controJling frequencies below 20 me, the prin
cipal factor to consider is whether the frequency 
stability required is greater than that which is 
normally obtained with a Pierce circuit. If not, 
there is little to gain by using two tubes and a 
frequency-sensitive tuned circuit, unless it is very 
important that the waveform in the output be 
more nearly sinusoidal and less influenced by the 
variations in the crystal resistance. The frequency 
stability of an average Butler. circuit can be ex
pected to be approximately 0.0005 per cent as com
pared with a stability of approximately 0.001 to 
0.0015 per cent for an average Pierce circuit. 
Above 20 me, the principal competitor of the But
ler is the transformer-coupled type of oscillator. 
The chief advantage of the Butler is its relative 
ease of adjustment and dependability. A border
line replacement crystal unit or an aging crys
tal unit, as a general rule, is more likely to be 
operative in the two-stage, cathode-coupled circuit 
than in any of the other types of v-h-f oscillators. 
Once the Butler circuit has been selected as the 
most appropriate to use, a crystal unit that has 
been series-tested at the intended frequency should 
be selected. The required minimum frequency tol
erance and the operating conditions to be expected 
determine whether the crystal unit, or perhaps the 
entire oscillator, is to be oven-controlled. For the 
next step, it is probably best to select the types 
of vacuum tubes to use. Insofar as space, weight, 
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and cost are concerned, a single tube envelo})e for 
both amplifier stages is desirable. On the other 
hand, it may be found that a more balanced. ar
rangement and more direct circuit connections can 
be had with separate tubes, particularly if the 
crystal unit is to be oven-mounted. The transcon
ductance and plate resistance of the tubes should 
both be high, for maximum frequency stability. 
For the same amplification factor, the tube with 
the larger gm is usually to be preferred. For h-f 
and v-h-f operation miniature tubes are prefer
able, in order to reduce the transit time and th~ 
electrode-to-ground capacitances. For class-A op
eration, both tubes can be of the same type. For 
class-C operation, the power rating of the cathode 
follower should be greater than that of the 
grounded-grid amplifier. For maximum stability 
it may be desirable to isolate the load from the 
rest of the circuit, or to tune the load circuit for 
frequency multiplication. In this case a pentode 
can be used for either the cathode follower (usu
ally) or for the grounded-grid amplifier, with the 
load taken from the electron-coupled plate circuit, 
and with the screen grid serving as the oscillator 
plate. Either pentodes or triodes can be used in 
the basic Butler circuit, as desired. In the v-h-f 
range, triodes have the advantage of smaller tran
sit-time effects. Assume that it is intended to oper
ate the tubes class A. To reduce the transit time, 
to increase gm, and to permit a minimum value of 
ZL (low-Q tank), the plate voltages should be as 
high as practicable. Determine the values of R, and 
R2 that will provide a normal cathode bias for 
class-A operation. With all else equal, the feed
back transmission losses are a minimum if R1 = R2 • 

For class-C operation, R2 should equal approxi
mately 4R,. Assume that R of the crystal unit is 
the maximum permissible value, and that the ef
fective gm's of the vacuum tubes are 25 per cent 
less than their rated values for class-A operation 
at the selected plate and grid voltages. With these 
assumptions, determine the value of ZL that is re
quired to make the gain equation, 1-378 (26), 
hold. R11 should be large compared with Zp, so that 
ZL ~ ZP. The plate tank represented by Z1, can be 
designed as a high-Q circuit, antiresonant at the 
operating frequency, and shunted by a simulated 
load resistance, RL, much smaller than the anti
resonant impedance of the tank, itself. In this case, 
ZL - Z" """ R1.. The approximations above will be 
sufficient to build an experimental circuit that 
should oscillate in a free-running state. A variable 
resistance can be connected to simulate a crystal 
unit at series resonance. By varying the simulated 
crystal resistance over the range possible for a ran- , 
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dom selection of crystal unita, RL in the plate cir
cuit can be adjusted, if necessary, to enaure that 
oscillations occur at all possible values of crystal 
resistance without driving the crystal at a higher 
than recommended level. The empirical optimum 
value of RL can be accepted aa the value of ZL to 
achieve in the design of the output circuit of the 
grounded-grid amplifier. The actual design of the 
output stage depends, of course, upon the type of 
load into which the oscillator is to operate. The im
portant consideration is that an effective resistance 
having the value of the experimental RL is to be 
introduced in one way or another across the plate 
tank. The final problem is to neutralize the various 
circuit capacitances. In neutralizing the V, cathode 
capacitances, the adjustment which permits the 
feed-back circuit to be purely resistive can be ex
pected to coincide with . the conditiona for maxi
mum output amplitude and maximum crystal cur
rent. The design procedure discussed above should 
be accepted simply as a suggestion. Individual 

r 
I+ 

(A) 

r 
I+ 

engineers may well prefer that primary attention 
be given to fitting the design to meet special 
requirements. 

MODIFICATIONS OF THE BUTLER 
OSCILLATOR 

1-388. As in the case of other conventional oscil
lator designs, the number of modifications of the 
Butler circuit appear to be unlimited. In figure 
1-174, the basic electron-coupled circuit is shown 
in (A), and a circuit employing a common ground. 
return for the two tubes is shown in (B). In the 
electron-coupled circuit, the load, represented by 
RL', is effective}y isolated from the oscillator cir
cuit, in which the screen of V 1 serves aa the 
cathode-follower anode. The plate circuit of V, can 
be tuned to the second or third harmonic of the 
oscillator frequency, if desired, in which caae V, 
should be operated class C. For maximum output 
voltage, the plate impedance of V, should be high. 
In figure 1-174 (B), the low-Q inductor, L11 is 

= R 

l~ 
0 

Co I 
I 
I ... = ·r LI f1f1CI 
I 
I 
I 

..L.. = = I+ 
Cit 

figure 1-174. (A} lhtctrM-COUplecf lflfler circuit. (8} lflll•r drcvlt NYfltfl common cotltode ground return 
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antireaonant with the distributed capacitance, Cu 
aa is L. with c .. Gridleak bias is employed with 
both tubes. However, the grid of V, is still kept at 
r-f ground through the bypa.u capacitance. It can 
be seen that equation 1-878 (26), 

when applied to the common-ground return cir
cuit, becomes 

1-388 (1) 

i Z . 1 to Z A1-- • Z R,. ± ZL s nee " 1s equa ,. uw, since • = "" + 1 ,_ 

1. z R2Z1 h R ts -, since 12 = » + z , w ere 2 now represen gm, •"t: J 

the antiresonant impedance of the L1C1 combina-
tion, it can be shown that equation (1) can be 
expressed as 

1-388 (2) 

If the product R.g .. , is large compared with 1, at 
equilibrium gm, must approximately equal 1/ZL• 
1-389. The schematics of a number. of Butler cir
cuits employed by the military services are shown 
in figure 1-176. Circuit (A) is a receiver hetero
dyne oscillator that can be switched from crystal 
to manual operation simply by shorting out the 
crystal. Ci ia an r-f bypass capacitor that prevents 
the inductor L, from shorting out the cathode bias 
developed across R,. L, is designed to be antireso
nant with the grounded-grid amplifier cathode-to
ground capacitance. C2 is inserted to resonate with 
the distributed inductance of the crystal leads and 
feed-back circuit. Ca is a split-stator capacitor 
which permits the use of a grounded rotor, thereby 
reducing intersectional capacitances. Since the r-f 
current through Cs is small. wiping contacts can 
be used for grounding without introducing noise. 
C, is simply a trimmer which permits adjustment 
of the effective inductance of La. The plate side of 
Ca effectively has a relatively large fixed compo
nent due to the stray plate-to-ground capacitance. 
To keep the pJate tank balanced, an equal amount 
of fixed capacitance, Ca. is added to the other side 
of Ca, R2 is added to suppresa parasitic oscillations. 
As can be seen, the output ia obtained by split
load operation of the cathode follower. Since the 
output is delivered to a mixer circuit, where the 
effective load might be expected to undergo slight 
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changes, it. is probable that the loaded cathode
follower plate circuit is leas frequency aenaitive 
than the finely balanced tank in the VI plate cir
cuit. Since the balanced tank must be sufficiently 
selective to stabilize the frequency during manual 

· operation, it cannot be loaded aa would normally 
be done. Although the crystal ia not active· in the 
circuit during manual operation, it cannot be 
removed without resulting in an increase in fre
quency. This is due to the decrease in the cathode
to-ground capacitance that results when the crystal 
unit is removed. 
1-390. Figure 1-175 (B) (C) (D) (E) (F) is a 
composite arrangement of five different oscilla
tors, none of which have all the components shown. 
For example, the B+ return of V, is through Ra 
in (B), (E), and possibly (F); it is through Ra in 
(C), and also in (D), except that R, and R, are 
one and the same in the latter circuit, although the 
actual circuit is not indicated in the schematic 
shown. In circuit (E) the F, output is cathode
coupled to a mixer tube (6AK5W). An r-f choke 
is connected between tha cathode and ground, not 
the resiatance R10, In circuit (B), c. is actually 
composed of two 1.5-,..,.f capacitors in series. The 
F • output is developed across a tuned tank identi
cal with and also inductively coupled to, the plate 
tank in the V, plate circuit. L. in circuit (B) thus 
serves as a transformer primary. The Fa output 
is fed to the grid of one and to the cathode of a 
second 6AG5 mixer stage. The heterodyned out
put of the first is 20 to 30 me, and that of the 
second is 4.8 to 5. 7 me. 
1-391. The circuit shown in figure 1-175 (G) is a 
carefully designed experimental model that was 
built and tested during an investigation of h-f and 
v-h-f oscillators by a research team headed by 
W. A. F..clson at the Georgia Institute of :reehnol
ogy. A breadboard model of this circuit was oper
ative at frequencies as high as 160 me, with crystal 
resistances as high a., 500 ohms. Circuit (G) was 
found to have a frequency stability of 0.22 parts 
per million per volt change in the high-voltage sup.
ply. The frequency was controlled at 126 me, the 
ninth harmonic of a 14-mc fundamental. The shunt 
capacitance of the test crystal was 12 p.p.f, and the 
series resistance after tuning out the capacitance 
was 300 ohms. OsciJlations could not be sustained 
at plate voltages below 60 volts, and the frequency 
instability increased greatly at voltages above 85 
volts. Note that circuit (K) in figure 1-175, which 
has been designed to operate with low- and me
dium-frequency, fundamental-mode crystal units, 
is not a true Butler circuit in that neither tube 
is operated as a cathode follower. 
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Figure 1-175. Modlllcotion, ol Sutler oscillator. Dotted line• In circuit (G) Indicate stray capacitance1 

Fig. Equipment Purpmie F1 F2 Fa F, CR R, R2 Ra a. R1 a. R, 

(A) Radio Hetero- 20.3- 2F1 CR-24/U 0.18 0.01 6.8 0.18 12 6.8 
Receiver dyne 3'.9 (5th 
R-266/ oscillator mode) 
URR-13 

(B) Receiver 3rd 26.7- F1 ? NA CR-28/U 0.1 ? 100 0 0.16 NA 12 
Trans- trans• 84.7 
mltter mitter 
RT-178/ osc or 
ARC-27 2nd re-

ceiver 
osc for 
hetero-
dyning 

(C) Receiver- 1st 87.266 F1 NA 2F1 CR-28/U 0.311 0.12 47 0 0.22 0.12 6.8 
Trans- guard 
mitter receiver 
RT-178/ local 
ARC-27 08C 

(D) Receiver- 1st mon- 0.8888 F, 4F1- F, CR-28/U 8.8 83 100 0 1 Same "" Trans- itor osc l8F1 I'&-
mitter of trans- eistor 
RT-173/ mltter u 
ARC-33 M.O. Ra 

(E) Receiver- Guard- 65.668- F1 NA 2F1 CR-82/U 0.12 8.2 83 0 0.33 NA 27 
Trans- channel 58.169 and 
mitt.er hetero- 4F1 
RT-178/ dyne 
ARC-38 oscill-

ator-
doubler 

(F) Radio 1st 44.276'- F1 NA 2F1 CR-28/U 8.2 4.7 0.1 1 (J) 

Receiver heter- 57.275 
R-252A/ odyne 
ARN-U oscillator 

Ra 

NA 

0 

0.22 

CX) 

1 

Circuit Data for Figure 1-175. Fin me. R in kilohms. C in ,,.,,.f. Lin iih. NA (not applicable) mean11 that no connections of 
any kind exist between points indicated. Question mark (?) indicatea that achematic of tbe as&OC1ated PIIJ't of the circuit ls not available. 
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Fig. Equipment Purpoee F, F, 

(G) Experi-
mental 

126 F1 

OSC 

(H) Radio H-F in• 44.275- 2F1 
Receiver jection 57.276 
R-540/ osc (14 
ARN-14C crystals) 

(I) Radio Set Guard 55.67- 2F, 
AN/ARC- channel 58.17 and 
34 (XA-1) Injection 4F, 

osc and 
multiplier 

(J) Radio Set 
AN/ARN-

F1 

21(XN-2) 

,z 

----, 
I 

•cz 
Ill" 15 

I 
I 
I 

-== ~ 

F, F, 

+ IOV 

FZ 
88.55-

114.55MC 

CR 

9th bar-
monlc; 
aeries 
resist-
ance 
equal to 
R& 

CR-23/U 

CR-32/U 

CR-23/U 

+250\/ 

VI 
Ill! 12AT7 

R, 

0.05 

100 

0.22 

0.22 

R2 
8.2 

= 

R, 

0.05 

8.2 

0.56 

0.22 

R, 

5 

8.2 

33 

10 

R3 

L4 

(HI 

R, R, R, R, R, 

1.2 0.3 

0.033 4.7 

2.7 220 3.3 100 

1 

Circuit Data for Figure 1-175. F ir. me. R in kilohm&. C in p.p.f. Lin >'h. NA (not applicable) means that no connections of 
an)' kind exist between points indicated. Question mark (?) indicates that schematic of the associated part of the circuit is not available. 
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Fi1t. Equipment Purpose F, F, F, F, CR R, a. R, R, a. R, R, R, 

(KJ Signal L-F and 0.10 CR-16/U 10 1.5 0.027 560 39 1000 0.27 
Generator m-f osc 0 18 g.,F1) 
SG- l.7S R-19/U 
34(XA)/ 1 85 (HFi) 
UP 1.90 

1.96 

(LJ Signal 200-mc 50 4F, CR-23/U 56 3.3 0.015 0.01 0.27 0.01 0.27 2.7 
Generator f•enerator 
SG-13/ or mixing 
ARN with 

lower 
freq. 
signals 

Circuit Data for Figure 1-175. Fin me. R in kilohlllll. C in ,.,.r. Lin i,h. NA (not applicable) means that no connections of 
any kind exist between points indicated. Question mark ('r} indicate& that schematic of the associated part of the circuit is not available. 

+ l50V 
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i!5 
39 
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112 12AU7 

R4 
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RI C!!-16/U }LF {0.10 MC 
10 I 0.16MC• 

. f.7!!MC 
CR·l9/U }HF 1.a5 MC $1 

=- I l.90MC - ?CLOSED ON 
l,HMC HF I POSITIONS 

ONLY 
(Kl -= 

,,..,,. 1-175. COltflnuwl 

Transfarmer-Coupled Oscillator 
1-392. At the present time, the transformer
coupled crystal oscillator (see figure 1-176) is not 
being widely used. It was during the v-h-f oscilla
tor investigation at the Georgia Institute of Tech
nology for the Signal Corps in 1950, mentioned in 
the last paragraph, that the transformer-coupled 
oscillator aj.Jpeared to be the most promising for 
all~around versatility and general-purpose use. 
First, there is the advantage of a single-tube oscil
lator. Secondly, for low-power output (about four 
times the crystal power). the frequency stability 
has been found to be slightly superior to that of 
the average Butler circuit. Thirdly, with properly 
designed phase-compensating networks, an un
tuned pass band of 10 me is possible. Finally, with 
a relatively small sacrifice in frequency stability, 
the circuit design can be such that the power out
put is increased several fold without exceeding the 
recommended maximum drive level of the crystal 
unit. Although the transformer-coupled oscillator 
can perform satisfactorily at lower frequencies, 
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its chief application is for control and generation 
of harmonic-mode frequencies above 20 me. The 
oscillator is generally designed for class-C opera
tion. A significant disadvantage is that the circuit' 
design for optimum performance characteristics 
-eharacteristics that can be approximately dupli
cated from one oscillator to another of similar de
sign-is generally more difficult to achieve than 
in other oscillator circuits. This is due chiefly to 
the difficulty ill predicting the effective input im
pedance of tubes operated class C at frequencies 
where transit-time and stray-capacitance effects 
become appreciable. As a result, the theoretical 
and actual equilibrium conditions frequently are 
found to differ to a greater degree than in the 
average series-mode oscillator. More cut-and-try 
experimentation may prove necessary than would 
otherwise be the case. The operating principle of 
the grounded-cathode, transformer-coupled oscil
lator is closely allied to that of the grounded-grid 
and grounded-plate versions. The discussion and 
equations for the transformer-coupled oscillators 
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are, for the most part, based upon the analysis by 
W. A. Edson. 

PHASE CONSIDERATIONS OF 
TRANSFORMER-COUPLED OSCILLATOR 

1-393. Referring to figure 1-176, the useful load, 
represented by RL, is connected across the second
ary of the plate transformer. The chief function 
of R, is to improve the frequency stability by low
ering the resistance of the crystal circuit, and to 
improve the amplitude stability by reducing the 
effect of variations in the input resistance of the 
tube. The parameter a is simply the constant of 
proportionality relating R,, to R,. C, and C, are 
capacitors for tuning out the leakage inductance 
of the plate and ·grid transformers, respectively. 
The leakage inductance is equal to the high-side 
inductance multiplied by ( 1-k1 ), where k is the 
coefficient of coupling. It can be directly measured 
at the low side of the transformer when the high 
side is shorted. Both transformers can be, simply, 
tapped coils. The crystal impedance is assumed t.o 
be the series-resonance impedance, R. The effec
tive turns ratiQS, N1• and N,, can be so chosen that 
CPC and C0 annul each other's effool:s. With the 
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circuit properly designed, the tube operates into a 
resistive load, C,, being antiresonant with the 
dampened coil L,,. I., Ir., I,. E1., and E0 (the voltage 
across the crystal) are in phase with E,,. The grid 
transformer thus provides the required 180-de
gree phase shift between E1, and Es. 
1-394. Where the resistance of the crystal series 
arm is not small compared with the shunt react
ance, Xe., the effects of Co can be annulled by the 
conventional method of connecting an inductor 
across the crystal unit, by means of mutual induct
ance between the plate and grid transformers (t.o 
be discussed in connection with the grounded-grid 
oscillator), or by balancing the effects of C0 

against those of C.,". When the circuit is properly 
balanced, the crystal unit operates at the resonant 
frequency of the series arm. When C0 is balanced 
against Cr,,, the leading component, 10 , of the cur
rent through the crystal-that part through C.
passes in its entirety, through C, and the primary 
of the grid transformer. Similarly, the current 
through C1,1., I1..,, passes in its entirety, through the 
secondary of the grid transformer. For this t.o 
occur, the voltages induced by the two currents in 
each section of the grid transformer must exactly 

= I I+ 

Cp 

Co 

Ip-

(Ill 

figure 1-116. (S} lquivolent porollel
resonant plate cJn:ult wlt•n crystal copoc
itance, C., Is bal,nced l>y plate-to-grid 

Fl9ure 1-116. (A) Salle circuit of trantlormer-coupled oalllotor copocitonce, c,., 
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annul each other. The transformer then appears as 
a short circuit to both currents. As indicated in fig
ure 1-176 (B), C., becomes equivalent to a capaci
tor shunting the ground-connected half of Lp, 
thereby effectively increasing L1., and C1,. becomes 
equivalent to an increase in C., equal to CN. The 
balanced state is reached when 

1-394 (1) 

or 

1-394 (2) 

or 

Co EL --2.e_ 
N 1 Ev = N11 Nv 

1-394 (3) 

Equation (3) can generally be realized with prac
tical values of N, and NP if c, .. is on the order 
of 0.05 to 0.1 ,,_,,.f. Such values of C.._ can be ob
tained with screen-grid tubes but not with triodes 
unless a d-c blocked inductive arm is connected 
between plate and grid to annul most of the 
capacitance. 

GAIN REQUIREMENTS OF TRANSFORMER
COUP/.,ED OSCILLATOR 

1-395. Referring to figure 1-176 (A), it can be 
seen that at equilibrium, 

G1 G2 Gs Gt 
Ep EL E1 Es =1 
EB E7 EL E1 r, 

1-395 (1) 
where 

G1 Ev = Ip Zp = µZI! = gm Zp 
Ell E,. RP+ Zp 

1-395 (2) 

1-395 (8) 

1-395 (4) 

1-395 (5) 

R/ in equation ( 4) is the effective resistance of 
the grid transformer as it appears in parallel with 
R,. It is equal to E,1 divided by the grid losses. 
Thus, 
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where (eff) R11 is the effective grid resistance 
which takes into account the gridleak losses and 
the transit-time loading. For small values of N,, 
the R,( losses can be considered negligible. The 
plate power can be assumed to be, 

p = J E = EL
2 

(RL + R + R1) 
P 

8 L RL (R + R1) 

= EL 
2 

(R + R1 + a Ri) 
a R1 (R + R1) 

1-396 (7) 

and 

1-395 (8) 

on combining equations (2), (8), (4), (6), and (8), we 
find that at equilibrium 

1-395 (9) 

Q DEGRADATION IN TRANSFORMER
COUPLED OSCILLATOR 

1-396. In Edson's analyses of series-mode oscilla
tors, he employs a useful term which he calls the 
Q degradation of the crystal unit. It is defined 

D = Re 
R 

1-396 (1) 

where R., is the total resistance which the crystal 
must operate into. In the transformer-coupled os
cillator, assuming that the transformer imped
ances that the crystal faces are large compared 
with RL and R1 of figure 1-176, 

D = R + R1 (1 + a) 
R 

1-396 (2) 

As discussed in paragraph 1-241, the frequency 
stability of the series-resonant crystal unit is di
rectly proportional to the Q of the crystal circuit. 

It is therefore directly proportional to -§-, where 

Q is the Q of the crystal, itself. Thus, with a given 
crystal unit, the frequency stability varies in
versely with D. If the minimum Q of a crystal unit 
is estimated from the maximum permissible C°' 
from the frequency, the harmonic, the particular 
crystal element, and the maximum permissible 



series resistance, and if the required frequency 
stability is known, then the maximum permissible 
D can be determined from the random phase shifts 
to be expected during operation. In the average cir
cuit, it is sufficient, simply, to keep D as low as 
possible consistent with the output desired. When 
R, is expressed as a function of a, R, and D, the 
loop gain as defined by equation 1-395 (9) be
comes 

G G G G = gm a NP N, R (D - 1)2 

1 2 3 , D (a + l)2 

1-396 (3) 

LOA[).TO-CRYST,tL POWER RATIO OF 
TRANSFORMER-COUPLED OSCILLATOR 

1-897. The ratio of the load to the crystal power is 

lt1 RL (D + a)2 
Pt!P. = l

0
2 R = a (a + 1) (D - 1) 

1-397 (1) 

It is generally desired to have the power ratio as 
high as is consistent with satisfactory frequency 
stability. With a given value of D, the ratio be
comes large as a is made smalJ. If the design is 
based on obtaining a given minimum output with 
a given value of D when the crystal-unit resistance 
is a maximum (minimum D), the value of a can 
be determined by equation (1), and equation 
1-396 (8) can be used to determine the value of 
N.,N« most likely to produce the required gm for 
the crystal to be driven at the desired level. 

BROA[).BAND CON$IDERATIONS IN THE 
TRANSFORMER-COUPLED OSCILLATOR 
1-898. For broad-band untuned operation it is im
portant to have Z" and z, (the impedance faced_by 
the grid) and the plate and grid capacitances as 
small as possible. Assuming that R,r is large com
pared with the resistance appearing across the 
secondary of the grid transformer. 

or 

z. = N1 (D + 1/a) 
gm Np (D-1) 

Also, Zp can be expressed as 

z _ NP (D + a) 
p - gm N 11 (D - 1) 

1-398 (1) 

1-398 (2) 

1-398 (8) 

· Section I 
Crystal Olldllators 

N.: be as small as possible. For a given value of g"" 

the product N1,N11 can be a minimum when (a~ l)I 

(see equation 1-396 (3) ) is a maximum. The 
maximum occurs when a = 1. With a, D, and g,.. 
decided upon, equations (2) and (3) give mutually 
minimum values when N" = N,.. Thus, for broad
band operation, let 

D+l 
Zp = Za = {D - 1) gm 

l'-398 (4) 

D should be as large as possible consistent with 
the required frequency stability. 

FREQUENCY STABILITY OF THE 
TRANSFORMER-COUPLED OSCILLA',fOR 

1-399. The frequency-stability equations for the 
transformer-coupled oscillator are 

dw _ wZpD dC -= 
w 2Q p f-899 (1) 

and 

dw _ wZ,.D dC -=-= 
w 2Q " 

1-399 (2) 

where Q is the Q of the crystal. When equations 
1-398 (2) and (3) are multiplied by D, it can be 
shown the DZ,. is a minimum when 

D = 1 +--.JT+i 1-399 (3) 

and DZ, is a minimum when 

D = 1 + y l + 1/a 1-399 (4) 

For both to be a minimum simultaneously, a must 
be equal to 1, which means that 

D = 1 + y'T = 2.414 1-399 (5) 

Under these conditions, the power ratio, as given 
by equation 1-397 (1), becomes 

;: • 4.12 1-399 (6) 

For larger power outputs, the value of a must be 
decreased and N1, increased. Since the expected 
variations in the grid capacitance are generally 
larger than those in the plate capacitance, it is 
usually desirable to favor the grid circuit insofar 
aa the frequency stability is concerned. · 
1-400. The greatest probability that the effect of 

To keep ZP and Z11 low, it is desirable that Np and a random varijiiion in the grid capacitance will be 
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canceled by a random variation in the plate capaci
tance occurs when the fractional change in fre
quency due to the average i1C1, is equal to that due 
to the average ,1C ... If the average ,1C, is on the 
order of 10 times the average i1C1,, then Zv should 
be equal to lOZ •. Equations 1-399 (1) and (2) 
will then represent equal average variations in 
frequency. 

DESIGN PROCEDURE FOR TRANSFORMER
COUPLED OSCILLATOR 

1-401. The procedure to follow in designing a 
transformer-coupled oscillator depends upon the 
principal objectives to be sought in the design. 
That is, some fixed requirement serves as a start
ing point, and the design proceeds from there. One 
limitation that will be common to all the circuits 
is that the crystal power rating not be exceeded. 
This requirement, then, in th-e general case, can 
be the initial design consideration. The crystal 
power is 

Also 

or 

1-401 (1) 

I.2 R = EL
2 

R E/ R 
(R1 + R)2 = N/ (R1 + R)2 

= gm2 E~2 Z/ R 

Pc 

N/ (R + R1)
2 

g,/ E~2 a2 R/ N/ 
R 0 2 

1-401 (2) 

Multiplying equation (1) by equation (2) and tak
ing the square root, we have 

p = gm Eg
2 

a Ne 
C D Ng 

1-401 (3) 

Now, (gmE./) is assumed equal to (11,Eg), which, 
in turn, is principally a functic,n of the excitation 
voltage and the plate characteristics of the tube to 
be used. By equation 1-395 (9) (also by equating 
equation (1) to equation (2) ) 

1-401 (4) 

R,. remember, is equal to RD, the total resistance 
that the crystal unit operates into. From equation 
(4) it can be seen that if Re(= R + R, (1 + a) ) 
is large compared with the maximum R Rm), 
the equilibrium transconductance will be approxi
mately the same for all values of R. On the other 
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hand, if the minimum D is srr.all, the value of g111 

at minimum R may be as much as one-half its value 
for R = Rm, Note that some change must occur in 
g,,., and hence in E.,, if R varies and the rest of 
the parameters remain constant. To ensure class-C 
operation for all values of R, let the class-A value 
for gm equal twice the equilibrium gm according to · 
equation (4), with R.. assumed to be a maximum. 
With the circuit so designed, the amplitude of the 
oscillations will build up until the tube is cut off a 
fair proportion of each cycle. Even if class-A oper
ation is desired, a reasonable difference should be 
allowed between the rated transconductance of the • 
tube and the estimated equilibrium value when R. 
is maximum. This should be sufficient to allow for 
all expected tolerances in the plate characteristics 
and in the tuning of the oscillator circuit. The per
centage variations in R from one crystal unit to the 
next is not quite as great in the v-h-f crystals as 
in the lower-frequency elements, aince it is more 
important that the maximum permissible resist
ance be kept as small as practicable. 
1-402. The ideal design would permit the percent
age variations in E,..' to exactly equal in magnitude 
the percentage variations in R. Under these con
ditions, the crystal power, as indicated in equation 
1-401 ( 1) would be the same for each crystal 
unit. To approach such a design, gm, as a function 
of E., would have to be known for the particular 
tube. Such an analysis is beyond the present dis
cussion. but the method to be used would be quite 
similar to that employed in the analysis of the 
effects of different values of crystal resistance for 
the Pierce circuit. As a rule of thumb, the average 
crystal R in the v-h-f range can be assumed to 

equal R2,. If the transformer-coupled oscillator is 

designed to drive the crystal unit at 50 per cent of 
its maximum rated power for the average R, there 
is little danger that crystal units having other 
values of resistance will be overdriven. For broad
band operation the crystal power will be approxi
mately directly porportional to R. When D is small 
the crystal power increases as R decreases as long 
as the percentage increase in E/ is greater than 

the percentage decrease in R. With R = ~m and 

P0 = P2,, equation 1-401 (1) gives an assumed· 

value for E11
1, thus 

or 

1-402 (1) 



Note that equation (1) also gives the value of Ee 
which would exist if a crystal of maximum resist
ance were driven at its rated level. However, 
equation (1) is less, important for determining 
E. than it is for determining Nir. It is assumed 
that a class-C value of gm has been agreed upon. 
An approximate value of Elf corresponding to the 
chosen g111 is thus already determined. After the 
value of R1 is decided upon, equation ( 1) can 
serve to determine N 11• 

1-403. The design procedure followed so far can 
generally be applied to any transformer-coupled 
oscillator. A v-h-f pentode and a harmonic series
mode crystal unit are selected. Regulated screen 
and plate voltages for the tube are decided upon. 
An approximate class-C value of gm and the cor
responding E, are estimated, and average values 
of P, and Rare assumed. Once that D and a have 
been selected according to the particular require-

ments of the oscmator, the~ ratio can be deter-
ll' 

mined from equation 1-401 (3), and N11 from 

equation 1-402 (1). Or, in case a particular~ 

ratio is to be preferred, a and D can be determin~ 
with the aid of equation 1-401 (3). An alterna
tive approach, which is the one to be followed 
when using the table in paragraph 1-404, is to first 
determine optimum values for D, a, and N,,/N.,, 

R assume an average crystal R = 
2

m and a crystal 

power equal to P2m, and use equation 1-401 (3) 

to determine the value of gmE/ ( = I1,E11). The next 
problem is to determine what value of Ell will pro
duce the required value of I,,E. when the tube is 
operating into a plate impedance that js small rela
tive to the tube R1,. The equations relating 11, to Ei: 
in the analysis of the Pierce circuit, or rather the 
basic methods used to derive the equations, are 
applicable here if modified properly. Since some 
trial-and-error will be required regardless, it may 
well be preferable to determine the correct E~ em
pirically. The selected vacuum tube can be driven 
by an external generator having a variable output 
at a frequency near the actual frequency for which 
the oscillator is to be designed. The tube should 
operate into a small ·resistive impedance and the 
gridleak resistance should be the same as that to 
be used in the final design. E, should be varied . 
until the measured I" is such that the product l1,E, 
agrees with the value computed from equation 
1-401 (3). With E" approximately known, N" can 
be determined by means of equation 1-401 ( l). 
1-404. The dimensionless equations listed below 
relate the various parameters. These equations, 
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some of which have already been given, are also 
useful in determining the various circuit voltages 
and currents when Ell is known, or the require
ments thereof, and in comparing the characteris
tics of oscillators of different design. 

gm zp = Np (D + a) 1--404 (1) 
N, (D - 1) 

gm Zg = N11 (D + 1/a) 
!-404 (2) 

Np (D - 1) 

Np2 gm R = Nv D (a+ 1)2 

1-404 (3) 
N, a (D - 1)2 

N/ gm R = Nf D (a+ 1)2 

1-404 (4) 
N11 a (D - 1)2 

Ri/R = D-1 1-404 (5) 
a+l 

P / E 2 NI' (D + a)
2 

L gm I = 
N. D (D - 1) (a+ 1) 

(D + a)2 

PdPc = a (a + 1) (D - 1) 

1-404 (6) 

1-404 (7) 

The following table, prepared by the v-h-f oscilla
tor research team at the Georgia Institute of Tech
nology, lists the quantitative relations that hold 
for five typical designs of the transformer-coupled 
oscillator. D, a, and the N1,/N" ratio are prEl(leter
mined to provide optimum or practical operating 
characteristics according to five different objec
tives. 

A. Symmetrical circuit design that yields mini
mum values of Z,,D and Z.,D. By equations 1-899 
( 1) and (2), this design permits maximum fre
quency stability if the average variations in C,, 
and C" are approximately equal. Low power out
put. Narrow bandwidth. 

B. N onsymmetrical grid and plate impedances. 
Designed for optimum frequency stability. when 
(ave) 11C~ 10 (ave) ACp, Low power output. 
Narrow bandwidth. 

C. Nonsymmetrical grid and plate impedances. 
Maximum frequency stability when (ave) AC, = 
10 (ave) ACI' and the power output is 10 times that 
in design B, but the stability is less than that in 
de.signs A and B. 

D. Symmetrical circuit. Broad-band untuned 
operation. Provides small values for Z1,C1, and Z"C~. 
Tubes require large transconductance and small 
input and output capacities. Z1, and Z" are one
half those in design A. Average AC,, assumed 
equal to average ACg, Frequency stability below 
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average. Power output low, but greater than that 
in designs A and B. 

E. Nonsymmetrical design except that Zp = z,. 
High power output--same as that in design C. 
Broad-band untuned operation. Frequency stabil
ity below average. 

TRANSFORMER-COUPLED OSCILLATOR DESIGNS 

Parameter Design A Design B 

zp;z. 1 10 
a 1 1 

D 2.414 2.414 

Np/Ne 1 yJo 

gmZp 2.414 7.63 

gmZx 2.414 0.763 
gmZ,,D 5.83 18.4 

gmZaD 5.83 18.4 

Np2gmR 4.828 15.25 

N1/gmR 4.828 1.525 

PdPn 4.12 4.12 

R,/R 0.707 0.707 

PL 1.705 5.4 gmEsi 

MODIFICATIONS OF TRANSFORMER
COUPLED OSCILLATOR 
1-405. Four modifications of the basic trans
former-coupled oscillator are shown in figure 
1-177. Circuits (A), (B), and (C) are experi
mental models that were designed at the Georgia 
Institute of Technology, but not in accordance 
with the designs given in paragraph 1-404. Cir
ct,it (D) is an oscillator in actual use that has 
been designed specifically to operate with Ccystal 
Unit CR-24/U without driving the ccystal beyond 
its Military-Standard level. Figure 1-177(A) is a 

f Co 

Value of Parameter 

R 

Design C Design D Design E 

10 1 1 
0.0985 1 o.~ 
2.414 10.65 10.65 

7.07 1 1.165 

12.55 1.207 1.315 

1.255 1.207 1.316 

30.3 12.85 14.10 

80.3 12.85 14.0 

104.0 0.457 0.864 

2.10 0.457 0.63 

41.2 7.05 41.2 

1.285 4.825 7.78 

11.9 0.662 1.08 

low-power circuit intended to be operated within 
a band of ±2 per cent of 55 me. When tested 
with a number of crystal units having overtone 
frequencies between 50 and 60 me, the circuit, 
with L,, and L,. adjusted to be antiresonant with 
C1, and C,., respectively, at 55 me, showed the fol
lowing operating characteristic&. Figure 1-177 ( D) 
shows a slug-tuned transformer-coupled oscillator · 
that employs a battery-operated subminiature 
tube. This oscillator is used in Radio Receiver
Transmitter RT-159A/URC-4. 

Stability t.f Pt 
(me) 

Harmonic (p.p.f) (ohms) (ppm/volt) (kc) (mw) 

50 5 5 
54 9 5 
54.8 7 6 
58.3 7 8 
60 3 18 

ta.f is the difference between the operating fre
quency and the series-resonance frequency of the 
crystal unit as measured with Crystal Impedance 
Meter TS-683/TSM. Figure 1-177(B) is a circuit 
intended for broad-band untuned operation with a 
center frequency at 63 me. Satisfactory operation 
was obtained on a crystal plug-in basis from 53 
to 73 me. The designers recommend that the phase-
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48 
60 
80 
82 
25 

264 

0.6 1.5 100 
0.18 0.5 80 
0.11 0.0 j 50 
0.626 1.4 40 
0.66 1.7 40 

compensating network, which was selected with 
the help of chart I. page 445, "Network Analysis 
and Feedback Amplifier Design," Bode, be shifted 
from the grid to the plate circuit. Figure 1-177 (C) 
is a circuit designed to provide an output ap
proaching 1 watt at 50 me. Due largely to dilft
culties in predicting the input resistance of the 
vacuum tube. the differences between the initial 
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F19uro 1-111. Modlllr:ation• of transformer-roflpled oarillator for: (A) Hi9lt stability. 
(8) Untuned brood hand. (C) large output. (DJ Slug-tuned, narrow hand 

design and the final adjustments (the latter shown 
in figure 1-177 (C)) were quite large. The operat
ing characteristics of the circuit are given below: 

Frequency stability = 0.3 ppm/volt 
D-C power input = 1.8 watta 
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R-F power output = 0.6 watt 
Crystal power = 0.02 watt 
Efficiency = 33 per cent 
PdP, = 30 
Grid bias = -19 volts 
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Grounded•Grld Osclllator 

1-406. The grounded-grid oscillator, or single-tube 
Butler oscillator (see figure 1-178) is very similar 
in principle to the transformer-coupled oscillator. 
In fact, it can be described as a transformer-
coupled oscillator in which the feedback is cathode
coupled to the input. The cathode coupling elimi
nates the need for phase reversal in either the 
plate or input transformer. As indicated in figure 
1-178, the input transformer can be reduced to an 
r-f choke. For the plate circuit. an autotrans
former permits a maximum coefficient of coupling. 
Either a triode or pentode can be used. Although 
operable at lower frequencies, the oscillator is 
usually employed in the v-h-f range. The low input 
impedance reduces the effect of variations in the 
cathode capacitances. Unless the tube is operated 
class C, the crystal operates into a relatively low
resistance circuit. The power output is lower than 
that obtainable with a transformer-coupled oscil
lator, but for small outputs the frequency stability 

R 

Cp 

L2 

r RFC 

- -
(A) 8+ 

1,_ 

Rp 
ii+t 

11E2 ~-~(!!.:J.)2 
(11+ I) Jo1+I 1,1+1 N "' 

G 

( Cl 

is quite high and the load is more readily shielded 
from the input. This latter feature reduces the 
possibility that the oscillator will operate at fre
quencies other than that of the desired mode of 
the' crystal. The shunt capacitance of the crystal 
unit should be compensated by a broad-band anti
resonant inductor, or by other means. The most 
dependable method for use over a wide range of 
frequencies is to introduce mutual inductance be
tween the input transformer or choke and the 
plate transformer. This can be attained by wind
ing the cathode inductor on the same form as the 
plate transformer is wound. The correct coefficient 
of coupling between the input and plate inductors 
is the one that permits the crystal to vibrate at its 
true motional-arm resonance. For a theoretical 
discussion of this mode of capacitance compensa
tion, see Edson et al. The grounded-grid oscillator 
is most advantageous to use when maximum com
pactness and simplicity are desired in a low-power, 
broad-band, untuned v-h-f oscillator. There is the 
very important additional advantage that the oscil-
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figure 1-178. 
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lator can be readily designed so that both the out
put amplitude and the frequency stability are vir
tually independent of the crystal resistance. 

ANALYSIS OF GROUNDED-GRID 
OSCILLATOR 

1-407. Referring to figure 1-178, it will be assumed 
that the plate circuit is tuned to the desired har
monic, series-resonance frequency of the crystal, 
that the resistance in the plate tank is negligible, 
that the grid current is negligible, that the auto
transformer coefficient of coupling is unity, that 
the cathode-to-ground capacitance is antiresonant 
with the cathode choke, and that the r-f current 
through the choke is negligible. Under these con
ditions the equivalent r-f circuit of the oscillator 
is that shown in figure l-178(B). All voltage sym
bols are treated as unsigned. The polarities shown 
correspond to the instantaneous polarities that 
hold during the positive alternations of the r-f 
grid voltage, E,. The current arrows point in the 
instantaneous direction of the in-phase electron 
flow. The reactive component of the plate tank 
current is not represented, although in reality it 
is primarily the "flywheel" current that produces 
the voltages E, and E,. This reactive current in 
the tank is that which flows through Cp and is 
equal to wC.,EL. If RL were reduced to zero, there 
would be no reactive current and the transformer 
would effectively short-circuit the crystal to the 
plate. Of course, oscillations could not exist under 
these conditions, if for no other reason than the 
fact that E, would be reduced to zero and E,, being 
simply the voltage across the crystal unit, would 
be displaced 180 degrees from the phase required 
for oscillations to be maintained. E, must be 
greater than E0 • The important feature to remem
ber is that insofar as the resistive component of 
the current is concerned the action of the auto
transformer is the same as that of a conventional 
transformer when the prjmary and secondary cir
cuits are connected in parallel as shown in figure 
1-178(B). Note, however, that the turns ratio, N, 
is defined as the ratio of the total turns to the 
turns comprising L2• 

1-408. The power fed to the transformer is simply 

PL = It EL = Ip E1 

Now, 

EL = E1 + E:, = E1 + ~L 

or 

Et= NE1 

N-1 
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1-408 (1) 

1-408 (2) 
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So 

And since 

Ip IL+ l1 

We have 

or 

I., = (N - 1) Ip + 11 
N 

Ir.= Ii (N - 1) 
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1-408 (3) 

1-408 (4) 

1-408 (5) 

1-408 (6) 

1-408 (7) 

The ratio of the output to the crystal power is 

Pi.JP. = 11•
2 RL!I/ R = ~- ( N;:; 

1 y = ZL/R 

1-408 (8) 

Note that for a given turns ratio, the power ratio 
is directly proportional to the resistance ratio. 

The term RL (N N 1 )2 is simply the equivalent 

lo~d resistance, Z1., that the transformer presents 
to I,,. The total impedance across the vacuum tube 
is thus 

( 
N - 1 )

2 

Zp = RL N + R = ZL + R 

1-408 (9) 

1-409. It is convenient to imagine that the ground 
connection is at the point G' in figure 1-178. That 
is, let G' be our point of reference. Insofar as the 
r-f circuit is concerned such a supposition requires 
no alteration in the currents and voltages involved, 
but it does simplify the visualization of the circuit 
charactistics. The supposition does not mean that 
there is no difference in the r-f potential between 
G' and the actual ground. With G' in figure 1-178 
(B) assumed to be the ground connection, it can 
be seen that the tube is effectively connected as a 
cathode follower except .that no load is taken from 
the cathode circuit. The crystal R is the cathode 
resistance, and E2 is the voltage input to the grid 
circuit. As discussed in the analysis of the two
tube Butler circuit and as illustrated in figure 
1-173, the cathode-follower type of circuit can be 
represented by an equivalent circuit in which the 
plate-circuit resistance, exclusive of the cathode 

resistance, is equal to times the actual re-
µ. 
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sistance. Also, the equivalent generator voltage is 

~ times the conventional value that would be 
~+ . t assumed if the cathode resistance were no pres-
ent. As applied to the grounded-grid osciJlator, the 
equivalent circuit is that shown in figure l-178(C). 
Care must be taken not to interpret the power 
supplied to the plate-circuit resistances as being 

reduced by a factor of ! 1. With ~ and ltp 

assumed large compared w'f th unity and Z1., respec
tively, circuit (C) reduces to circuit (D). 

LOOP GAIN IN GROUNDED-GRID 
OSCILLATOR 

1-410. At equilibrium 

where 
1-410 (1) 

R =----

1-410 (2) 

RL (N - 1)2 

Ei/E0 = Zi,/R = RN2 1-410 (3) 

Ga = EL/E1 = N/(N - 1) 

G. = E.i/EL = 1/N 

1-410 (4) 

1-410 (5) 

Equation (2) simply represents the gain of a 
cathode follower. It can be de.rived from the equiv
alent circuits in figure 1-178 in a manner similar 
to the cathode follower gain derivation in the 
analysis of the two-tube Butler circuit. In com
bining equations (2), (3), (4), and (5), we have 

, · _ N2 (Rp + R + µ.R) 
Gl G2 Ga G, - RL (N - 1) (µ. + 1 - N) = 1 

1-410 (6) 

If the approximate value for G1 can be assumed, 
the gain equation can be expressed as 

RL (N - 1) _ R = ZL _ R 
_g_m_ = N2 N - 1 

1 

ACTIVITY CONSIDERATIONS IN 
GROUNDED-GRID OSCILLATOR 

1-410 (7) 

1-411. From equation 1-410(7) we can predict 
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the relative activity to be expected with different 
load and crystal resistances. When oscillations first 
start, the term 1/gm is a minimum. '!'he amplitude 
increases until gm is reduced by the increase in 
grid bias to the value that makes equation 1-410 
(7) hold. The greater the difference between the 
initial, zero-bias value of gm and the equilibrium 
value, the greater will be the final amplitude. The 
initial gm of the tube should therefore be as large 
as possible if a maximum output is desired. For a 
given crystal R, the output is increased by increas-
. R d k" h t· N - l . mg 1. an ma mg t e ra 10 W- a maximum, 

which occurs when N = 2. Assuming that N = 2, 
i.e., that the transformer coil is center-tapped at 
the connection to the crystal, equation 1--410(7) 
becomes 

1---411 (1) 

In equation 1-408 (8), it was found that the 
power ratio, to which we shall assign the symbol 

r{ = ~ ), is equal to ZdR. On substituting the 
value rQ for Z1. in equation (1) we find that 

1-411 (2) 

By equations (1) and (2), which hold only when 
N = 2, we see that increasing the amplitude by 
increasing R1. results in simultaneously increasing 
the power ratio. Also, note that the minimum 
power ratio can be predetermined as a function 
of the class-A value of gm and the maximum per
missible R of the crystal unit. If variations in 
R from crystal unit to crystal unit are not to 
have a large effect upon the output amplitude, 

ZL ( == ~1
-) must be large compared with the maxi

mum crystal R. In other words, the minimum 
power ratio should be as large as possible consist
ent with the requirements of frequency stability. 

CRYSTAL DRIVE-LEVEL CONSIDERATIONS 
IN GROUNDED-GRID OSCILLATOR 

1-412. If P,.m is the rated maximum power of the 
crystal unit, the maximum permissible lp for a 
given R is 

(max) Ip = (max) Ee gm = V Pcm/R 

1-412 (1) 

Consequently, 

(max} E1 = (max) Ip Zr. = ZL y P.m/R 

1-412 (2) 



By equations 1--410 (4) and (5) 

( ) E = (max) E1 N = ZL N ✓ P.m/R 
max'· N-1 N-1 

1--412 (3) 

and 

(max) Ei = (max) ELIN = ZL ~ ~•;:7R 

1--412 (4) 

Assuming that N = 2, we have 

(i Er, = (max) E1 = (max) Ei 

= ~\[~ 1--412 (5) 

The maximum permissible excitation voltage of 
the tube with a center-tapped transformer is 

(max) I. 
(max) E1 = P = (max) E2 - (max) E0 . g.., 

1--412 (6) 

Equation (6) is to be interpreted as giving the 
maximum permissible E, for a given value of R. 
The smaller the value of R, the larger will be the 
permissible value of E,. For v-h-f crystal units in 
which the shunt capacitance of the crystal is not 
compensated the minimum R encountered may be 
on the order of R,,./5, where R,,. is the rated maxi
mum. However, with capacitance compensation all 
values of R will be less than R,,.; and the minimum 
may well be on the order of R,,./9 or less. The 
plate characteristics of the vacuum tube and the 
electrode voltages must be such that an excitation 
voltage equal to the maximum permissible E,, as 
defined by equation ( 6), does not cause an effective 
lp greater than yP;:;;JR. With a sharp-cutoff, grid
leak-biased tube operating into a plate impedance 
that is small compared with Rp, the effective 11, 

remains essentially constant as the peak-to-peak 
amplitude of E1 is increased from a value equal to 
IE.-..1 to a value equal to 2[E...I, where E... is the 
cutoff bias. As discussed in paragraph 1-812 in 
connection with the Pierce circuit, the crest ampli
tude of I" between the crest values of E1 equal to 

IE2.,.I and IE.-..1 remains approximately ~ual to Jr, 
where Ihm is the zero-bias plate current. There is 
a small maximum approximately equal to 0.54 I""' 
(see equation 1--312 (21)), but for all practical 
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purposes it can be assumed that I., is constant for 
all values of gm between class-A and class-B opera
tion. Since the effective gm is equal to 1.,/E., the 
doubling of E,: without changing Ip is equivalent 
to halving gm• If oscillations can be maintained at 
all, the slightest tolerance allowed in g,.. ensures 
that the amplitude will build up until the excita
tion voltage overlaps the lower bend in the ~Ib 
curve. Thus, for a sharp-cutoff tube the minimum 
equilibrium E.,.. (= y2E,) will very nea;ly equal 

~~/ . Since 1/gm = Zt - R when N = 2, any value 

of ZL greater than 2Rm can ensure that the r-f plate 
current, and hence the output, will be the same for 
all values of R falJing within the crystal specifica
tions. All that need be done is to design the circuit 
for class-A operation on the assumption that R = 
R,,.. This requires the use of a sharp-cutoff vacuum 
tube with tube voltages such that 

Ibm<2~ 1--412 (7) 

and the design of the load and transformer net
work such that 

1--412 (8) 

Under the conditions defined by. equations (7) and 
(8), a crystal having a maximum R will be driven 
at or under the rated maximum drive, depending 
upon whether Ibm is equal to, or less than, the value 
specified in equation (7). If the crystal unit is re
placed by another of lower resistance, the crystal 
current and the output will remain essentially the 
same. Since E2 will also be unchanged, the increase 
in the excitation voltage win be entirely that due 
to the decrease in the voltage across the crystal. 
The driving power of the crystal will be directly 
proportional to the crystal R. 

FREQUENCY STABILITY OF 
GROUNDED-GRID OSCILLATOR 

1-413. In the equivalent circuit shown in figure 
1-178(D), it can be seen that the effective resist-

ance, R.,, of the crystal circuit is (..!.. + R). But, 
Zt g,.. 

1/g.., = N _ l - R, thus 

R., = ~ - R + R = ~ 1418 (1) 
N-1 N-1 

IfN=2, 

R., = ZL = RL/4 1--418 (2) 
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Equations (1) and (2) assume that the mu of the 
tube is large compared with unity, and that 
R1, > > Z1,. From equation 1-241 (2), the frac
tional change in frequency required to compensate 
a small change, do, in the feed-back phase is 

Z1. d8 _ R1, d8 dw 
w 2(N- l)yl:JC- 8~. 

1-418 (8) 

where L and C are series-a1·m parameters of the 
crystal, and equation (2) is assumed to hold. Of 
significance is the fact that for a given Zt, the 
frequency stability is independent of the resistance 

of the crystal. However, (N ~ 1) must always be 

greater than R, else the conditions for oscillation 
as defined by equation 1-410 (7) cannot hold. 
Thus, although the frequency stability can be con
sidered independent of R for a given Z1., the effec
tive Q of the crystal circuit must always be less 

( 2wL) than the lowest actual Q = Rm of the crystal. 

The larger the g ... of the tube, the more nearly can 
this limiting value for the effective Q be reached, 

since the more nearly (NZ~ 1) can be made to 

approach Rm in magnitude. But a large gm must 
be accompanied by a low cutoff voltage for the 
tube, else equations 1-417 (7) and (8) cannot be 
made to hold and the crystal will be overdriven. 
Unfortunately - yet not unexpectedly - the re
quirements for maximum output are the reverse 
of those for maximum frequency stability. If the 
only frequency-stability problem were to maintain 
the circuit Q as high as possible, the output could 
be increased without decreasing the stability, by 
making both ~L and N large. This could permit 
an increase in Zr. without affecting the value of 

( N ~ 1). On the other hand, if d...,/..., in equation 

( 3) is to be kept small, not only ( N Zt 
1

) but also 

de must be kept to a minimum. Because the input 
impedance of the tube is very low, changes in the 
cathode capacitance have a negligible effect on the 
feed-back phase. The principal variations in the 
phase are due to changes in the plate and load 
capacitance. To reduce these effects to a minimum, 
Z1, must be as small as possible. Its smallest per-

missible value will occur when (N N--;- 1) is a maxi

mum; that is, when N = 2. Letting N = 2 and 
Rr. 8Rnu Z1. will equal Ri,/4 = 2R01• The crystal
circuit Q for all values of R will then be one-half 
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the minimum crystal Q to be expected for the par
ticular type of crystal unit. The output will ap
proximately equal 2P,m for all values of crystal R. 
Much larger outputs can be obtained without 
greatly reducing the frequency stability, by the 
use of remote-cutoff tubes. With these tubes the 
r-f plate current can be made to vary inversely 
with the square root of the crystal resistance. 
Under these conditions, it would be the crystal 
power that remains constant and the output power 
that varies with R. If PL= 2P,m when R = Rm, 
Pr, 18P,.m when R Rm/9. 

DESIGN PROCEDURE FOR 
GROUNDED-GRID OSCILLATOR 

1-414. The design procedure depends considerably 
upon the special requirements to be met by the 
circuit. As a concrete example assume that a low
power, 50-mc oscillator requiring a minimum of 
circuit components and an output amplitude that 
will not be greatly affected by a replacement of the 
crystal unit with another of the same frequency 
is desired. The grounded-grid oscillator is prob
ably the best suited for such a purpose. Assume 
further that a frequency tolerance of ±0.01 per 
cent is required without temperature control for 
all temperatures between -40 and +90 degrees 
centigrade. Crystal Unit CR-24/U with a fre
quency tolerance of ±0.005 per cent between -55 
and +90 degrees centigrade should be able to pro
vide the required stability. So also will Crystal 
Unit CR-23/U, but the former unit is mounted in 
the coaxial holder, the HC-10/U, which is gen
eraUy to be preferred because its lower inherent 
shunt capacitance should permit a higher average 
Q. There is no guarantee of this, since the maxi
mum Co is 7 µ.p.f in each case; however, the CR-
24/U employs the 5th harmonic and the CR-23/U 
the 3rd harmonic (thinner crystal) for the 50-mc 
frequency. The greater CR-24/U L/C ratio should 
more than offset its slightly higher Rm. Neverthe
less, a check should be made to see if crystal units 
of either type having the desired frequency are 
currently being manufactured or have been manu
factured in the past. If not, serious consideration 
should be given to the possibiiity of employing a 
different frequency. The cost of the crystal unit 
will be less if it is already in production, and the · 
risk that an undue amount of experimentation will 
be required to produce a crystal unit that meets 
the military standards at an unexplored frequency 
can be avoided. If the crystal unit is expected to 
withstand considerable mechanical shock, the CR-
24/U must be used, regardless. 
1-415. Assume that a 50-mc CR-24/U crystal unit 



has been selected. According to Military Standard 
MS91380, Rm = 75 ohms and Pcm = 2 mw. By 
equation 1-412(1) 

{max) I" = 103 ~ == 5.2 .ma 

According to equation 1-412 (7) 

Ibm < 2y2 X 5.2 = 14.7 ma 

Assume that the most available tube is the 6AU6, 
sharp-cutoff, miniature pentode. Operated at 250 
plate volts, a screen voltage of 140 volts provides 
a zero-bias plate current of approximately 15 ma. 
The cutoff bias will be approximately -5 volts. 
Assuming a value of N = 2, by equation 1-412(8) 

5 
ZL = 75 + 

0
_
015 

= 410 ohms 

and 

RL = 4 ZL = 1640 ohms 

The power ratio when Jt = Rm will be 

(min) r = iL = 5.5 
m 

The power output for all values of R will be 

PL == (min) r Porn = 11 mw 

The crystal unit will operate into an effective re
sistance equal to 410 ohms. The effective g.., of 
the tube will vary from approximately 3000 ,.mhos, 
when R is a maximum, to approximately 2500 
,...mhos, when R is a minimum. If greater frequency 
stability is required, RL can be decreased by ap-

Rl'.'120 
Lk 

470 
OHMS OHMS 

H)OO .... , 

"IFC 

F•48-60 MC 
+1oov 
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proximately three-fourths, so that ZL 300 ohms. 
With this value of Z1,, when R is maximum g111 

will be 4450 ,.mhos. By increasing the screen volt
age to 150 volts or slightly greater, an r-f plate 
current very nearly equal to the maximum permis
sible for Rm can be attained. As R is decreased IP 
and PL increase somewhat, but the crystal unit 
will not be overdriven. 

MODIFICATIONS OF THE 
GROUNDED-GRID OSCILLATOR 

1-416. Figure 1-179 shows four different designs 
of the grounded-grid oscillator which were built 
and suc-cessfully tested at the Georgia Institute of 
Technology. Because of the high initial transcon
ductances, 0.011 ,-mho for the 6J4 and 0.009 for 
the 6AH6, the oscillation amplitude of these cir
cuits would drive the average Military Standard 
crystal unit beyond the recommended maximum 
level. This does not mean that a standard crystal 
unit will necessarily be in danger of being shat
tered by the circuits shown, but that the frequency, 
resistance, and freedom from spurious modes 
could not be guaranteed by the test standards. To 
employ the circuits illustrated in figure 1-179, dif
ferent tubes, or plate-supply voltages may need to 
be used. · 
1-417. Figure 1-179(A) is a narrow-band oscilla
tor with the load connected across the secondary 
of the plate transformer. Except for the fact that 
the input "transformer" (Lk, having a 1: 1 voltage 
ratio) provides no phase reversal, the circuit is 
very similar to that of the basic transformer
coupled oscillator. Ri., connected as shown, is 
equivalent to a load resistance of N2RL connected 
across LI'. The variable capacitance is for tuning 
out the transformer leakage inductance. Lk is anti
resonant with the cathode capacitance, and the 

I 
I ... ' IIIPllp111 

IOK 

I 
I 
I 

S.3 VAC 

figure 1-119. Modifications of grounded-grid oscillator. (A) Narrow..&and circuit 
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cathode resistance broadens the tuning. The cir
cuit was tuned for operation at a center frequency 
of 55 me. The plate transformer consists of 12 
turns of A WG No. 26 PE wire wound on a Miller 

f c .. R 
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type 69048 slug-tuned coil form and tapped at 4 
turns. The circuit operates class B. The operating 
data for several different crystal units is given 
below. 

Stability Af P1. 
(me) Harmonic (p.p.f) (ohms) (ppm/volt) (kc) (mw) 

48 8 14 

50 3 12.5 
64 3 13.5 
68 7 9 
60 3 13 

The frequency stability is measured in average 
parts per million per volt when the voltage is 
changed by 60 volts. Af gives the deviation ob
served between the series-resonance frequency, 
when measured with CI Meter TS-683/TSM, and 
the actual oscillator frequency. It would seem that 
the 54-mc crystal, which should show the smallest 
value of Af, was influenced by a spurious mode. 
1-418. The circuit in figure 1-179 (B) is designed 
for broad-band untuned operation. 4 consists of 
10 turns of No. 30 PE wire, tapped at 3.8 turns 

f Harmonic c .. R 
(me) (p.p.f) (ohms) 

48 3 14.5 25 
50 3 11 28 

58.31 7 8 80 
65.31 7 10 80 
66.65 5 4 66 
67.2 7 14 80 

1-419. The circuit in figure 1-179 (C) is designed 
to compensate the capacitance of the crystal unit 
by mutual inductance between the plate and cath
ode inductors instead of by a shunt inductor as in 
circuit (B). La consists of 9 close-wound turns of 
A WG No. 30 PE wire, tapped at 2.5 turns; Li, 
consists of 4.6 turns of AWG No. 30 PE wire on 
a thin spacer. The proper coupling adjustment is 
obtained by substituting a capacitance equal to C., 
in place of the crystal and adjusting the circuit to 
oscillate at the true series-resonance frequency of 
the motional arm, but only after L. and Li, have 
separately been adjusted to resonate with c .. and 
Ct, respectively, at their computed resonant fre-

quencies ( .... I = L.. 1e-· Cl>b I = L le ) • It can be shown 
a I' b k 

45 
35 
45 
32 
26 
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. ·, 

0.42 8 65 
0.20 1.6 103 
0.11 9 78 
0.14 0.6 28 
0.24 1.6 40 

and wound on a 0.4-inch-diameter form. The ter
tiary winding, ~. consists of 17 turns on a 0.24-
inch form that can be slipped inside the L,, core 
by a screw adjustment. The circuit is first tuned 
with a 1000-ohm load connected directly across 4 
with~ open. Next, with the circuit connected as 
shown, the coupling between LT and Li, is adjusted 
until the same grid current as before is obtained. 
All tuning adjustments were made at 57.5 me. The 
performance data of this circuit for several differ
ent crystals is given below. 

Grid le ' Stability Af PL 
(,..amp) (ppm/volt) (kc) (mw) 

58 0.21 5 41 
85 0.25 -0.5 45 
60 0.01 0 62 
65 0.15 0.2 46 
90 0.21 2.0 50 
62 0.07 4.0 47 

that 

_ 4 N12 Lo 
L.. - (1- M 2

) (Lp + N,2 Lo) 
1--419 (1) 

Lk Na2 L0 

Li, = (1 - M2
) (Li. + N::2 Lo) 

1--419 (2) 

and 

M2 _ 44/Nl 
- (Li,+ N1i Lo) (Lo+ 4/Nil) 

1---419 (3) 

where Li, and Li.. are the values of the plate-to
ground and cathode-to-ground inductances, respec-



Section I 
Cryetal Osc-lllaton 

tively, that would occur if there were no coupling 
between them, L0 is the imaginary shunt induct
ance that would be required to antiresonate c., 
M is the coefficient of coupling between the plate 
and cathode inductors, and N, and N, are the plate 
and cathode turns ratios, respectively. N2 is simply 
equal to unity in the circuit shown. The perform
ance data for the circuit is as follows: 

f = 58.31 me 
stability = 0.28 ppm/volt 
PL= 90 mw · 
t..f = operating freq minus tested series-

resonance freq -100 cycles 
t..f when Ck increased from 10 to 13 ,_.,.f 

= -60 cycles 
t..f when c. increased from 8 to 11 ,,.,,_f 

= -45 cycles · 
llf when Cp increased from 6 to 6.5 ,,.,,.f 

= -90 cycles 

1-420. The circuit shown in figure 1-179 (D) is 
designed for high-efficiency operation as a small 
class-C power oscillator. L1, consists of 20 turns of 
A WG No. 28 PE wire wound on a 0.25-inch coil 
form and tapped at 1 turn. L, is a 10-turn, 0.26-
inch-diameter coil of AWG No. 28 PE wire, tapped 
at 5 turns. The observed performance data for this 
circuit is as follows: 

f = 50 me 
load voltage 9 volts 
grid bias = -10 volts 
load power = 1.9 watts 
crystal power 0.08 watts 
frequency stability = 0,6 ppm/volt 
plate dissipation = 3 watts 
efficiency = 63 per cent 

The Grounded-Plate Oscillator 

1-421. The vacuum-tube circuit of the grounded
p:ate oscillator shown in figure 1-180 is essentially 
the same as the two-tube Butler oscillator except 
that a step-up transformer replaces the grounded
grid amplifier of the Butler circuit. The gain of 
the Butler grounded-grid tube is thus replaced by 
the gain, N, of the transformer in figure 1-180(A). 
The grounded-plate oscillator is most advanta
geous when used in the electron-coupled form, as 
shown in figure 1-lS0(C), where the plate circuit 
can be tuned to provide frequency multiplication. 
Otherwise, the larger output of the basic trans
former-coupled circuit or the greater simplicity of 
the grounded-grid circuit make these oscillators 
preferable to the grounded-plate design insofar as 
obtaining the same order of frequency stability is 
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concerned. The grounded-plate oscillator can be 
designed for larger outputs by providing a step-up 
transformer in the cathode circuit and removing 
the r-f voltage from the gridleak resistor, as is 
shown in figure l-180(B). This permits the cath
ode-follower to operate into the same output im
pedance but with a greatly reduced load resistance 
across the crystal circuit. The output per milliwatt 
of crystal power is thereby increased. Increasing 
the power output in this manner makes the oscil
lator more critical to design and adjust so as to 
prevent free-running oscillations, particularly if 
the tube is to be operated class C, where the effec
tive input impedance becomes more or Jess un
predictable at very high frequencies. 
1-422. The over-all gain equation of the oscillator 
in figure 1-180(A) is 

1-422 (1) 

where Zt is the total effective resistance between 
the cathode and ground. Assuming that the resist
ance presented by the transformer is equal to 
R,/N1 and is much greater than R,. we have 

1-422 (2} 

The effective resistance into which the crystal 
operates is 

1-422 (3) 

where Z,' is the output impedance of the cathode 
follower as faced by the crystal. If ,,. is very large 
compared with unity, 

1-422 (4) 

For crystal resistances on the order of 75 ohms or 
smaUer, R1 and Ra can also be approximately 75 
ohms each. Values of R, = 68 ohms. R1 = 100 
ohms, R,. = 200K, and N = 9 have been recom
mended for use with a 6J4 triode. The shunt ca
pacitance of the crystal unit, as wen as that of the 
grid and cathode, can be compensated if need be 
by conventional antiresonant inductors. To be pre
ferred is the method described in the discussion 
of the two-tube Butler circuit-designing the cir
cuit so that 

1-422 (5) 
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Figure J-JiO. Grounded-plate 01dllators. (A} Sallie circuit. (BJ Circuit for increa,ed power output. 
(C) Electron-coupled circuit 
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Figure J.JIJ. Tronsitron cry,tal oscillator 

Transitron Crystal Oscillator 

1-423. The transitron oscillator (see figure 1-181) 
operates by virtue of the negative transconduc
tance between ·the suppressor and screen grids of 
a pentode. The total cathode current of the pentode 
is little affected by variations in the suppressor 
voltage, being primarily a function of the poten
tial between the screen and cathode. However, as 
the suppressor voltage is made more negative, the 
fraction of the total space current diverted to the 
screen circuit is increased. The screen voltage 
therefore tends to follow the suppressor voltage. 
By connecting a resonant feed-back network be
tween the screen and suppressor, oscilJations can 
be maintained and no phase reversal is necessary. 
The principal advantage of this circuit is its sim
plicity and its ability to oscillate with series-mode 
crystals having comparatively high .series _resist
ances. It can be employed in the v-h-f range, but 
unless the crystal resistances are expected to be 
abnormally high, the relatively large electrode ca
pacitances and the small transconductance make 
the performance inferior to that of the trans
former-coupled oscillator. 
1-424. When the circuit is used with high-resist
ance crystals it is very important that the crystal 
shunt capacitance be properly compensated, in 
order to eliminate the possibility of free-running 
oscillations. As has been demonstrated by W. A. 
Edson with the aid of Nyquist diagrams (graph
ical representations of the over-all loop gain and 
phase rotation as the frequency is varied from 0 
to oo), the circuit can be designed to permit only 
one mode of oscillation if, treating gm as unsigned, 

1--424 (1) 

and 
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RL R.(C1 +ell:+ c, + c,) 4' Co 
Ro Ro R, R1 

1-424 (2) 

The condition implied by equation ( 1) when gm is 
its maximum possible value means that the loop 
gain is insufficient to start or maintain oscillations 
at any frequency un1ess R., is effectively decreased 
(such as being bypassed by the series-resonance R 
of the crystal) so that the left side of the equation 
is greater than or equal to unity. Equation (2), 
when satisfied, means that a zero phase shift in 
the feedback can occur at' only one frequency. 
Thus, if the circuit is tuned for operation at the 
desired series-mode frequency of the crystal and 
equations (1) and (2) are satisfied, spurious oscil
lations will not be possible. 
1-426. Note that C., is effectively increased by the 
suppressor-to-screen capacitance, so that Lo must 
be smaller than would otherwise be the case. C, 
and C11 are simply distributed capacitances to 
ground. Each of the three para11e1 combinations 
are antiresonant at the crystal frequ,ncy, so 

L,C, = L.,C., = LgC1 = \. Assuming that the 
(Al 

antiresonant circuits have impedances RL, R and 
R., respectively, then if 1 .. is the r-f screen cur
rent, the voltage across the load is 

1-425 (1) 

The r-f suppressor voltage is 

1-425 (2) 

If we assume that E .. is small compared with the 



d-c screen voltage, and define the suppressor-to
screen transconductance as the change in screen 
current per change in suppressor-to-cathode volt. 
age--not per change in the suppressor-to-screen 
voltage--the gain conditions for equilibrium are, 
by equation (2), 

Esa 1 RL R, 
lg2 = gm = RL + R + R11 

1-425 (8) 

Of the vacuum tubes available, the 6AS6, which 
has a suppressor-to-screen transconductance of 
1600 ,.mhos, is probably to be preferred. With this 
tube, osci11ations can be maintained with crystal 
units having series resistances of well over 1000 
ohms. Although oscillations can also be main
tained with large values of RL and R.,, these re
sistances should be kept as small as practicable so 
as not to unnecessarily degrade the crystal Q and 
reduce the frequency stability. The transitron 
oscillator is also quite useful at low frequencies, 
particularly with high-resistance crystal units. 
When a fundamental-mode crystal element is em
p1oyed, the tuned circuits may not be necessary; 
but to avoid the possibility of free-running oscil
lations or unwanted crystal modes, at least the 
screen circuit should be broadly tuned. (See para
graph 1-590 for discussion of negative-resistance 
limiting of transitron circuit.) 

lmpeclaace-lnverting Crystal Oscillators 

1-426. Impedance-inverting oscillators employ a 
network similar to that shown in figure 1-182(A), 
to permit conventional lower-frequency osciHators 
to be operated with crystal control in the v-h-f 
range. A number of these oscillators were de
signed and tested at the Georgia Institute of Tech
nology under the direction of Mr. W. A. Edson. 
The discussion to follow is based on the final re
port of this research. The impedance-inverting 
network is designed to behave as a quarter-wave 
line having a characteristic impedance, Z., = ... L1 

= -C1 = Cl • With this design, the network 
Cl) D <II 0 

always appears as an inverted z. equal to Z,. = ¥., 
where z. is the series-arm impedance of the crys
tal. If z. = 0, C0 is shorted out and Z,. is infinite. 
(L, is assumed to have a zero loss.) If z. is in
finite, L, is series-resonant with C.,. and Z., = O. 
If z. = Z.,, the network appears as an infinite line 
with Z,. = Z.,. When z. is a small inductive react
anee, Z,. is a large capacitive reactance, and vice 
versa. With Z0 > > R of the crystal, the network 
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figure J-182. Impedance-inverting oscillator circuits. 
(A) Sask impedance-inverting netwo,,C 

serves to invert the crystal resistance to a high 
impedance equal to Z.,1/R. For a given C0 , maxi
mum frequency stability is to be had under the 
quarter-wave line conditions ( C., = C,.), but, if 
desired, higher impedances can be had by making 
Ca less than C.., or by reducing the effective values 
of C., and C., with the use of shunt inductors. The 
shunt inductances, however, should be consider
ably larger than the values required for antireso
nance at the crystal frequency. With w equal to 
the series-arm resonance frequency, and L1 = 

1 - 1 z t' .-C - ~C , n appears as an an 1resonant re-
<» o w n 

sistance when the series arm of the crystal is reso-
nant and z. = R. At frequencies well removed 
from crystal resonance, the crystal behaves simply 
as a capacitance, C0 , so that the network has a sec
ond antiresonant frequency, the square of which 

is tu:,
1 = ~.tJ.0

• To ensure that this second fre
quency is damped out, a resistance equal to Z0 can 
be connected across the crystal unit. 
1-427. Even though the equivalent impedance-in
verting network is designed to be antiresonant at 
approximately the crystal frequency, the operat
ing frequency may well require that the crystal 
network facing the actual terminal connections be 
reactive if the necessary phase reversal is to be 
accomplished. For example, it is necessary that 
the actual plate-to-grid network appear inductive 
when used in the Pierce circuit. In the Pierce cir
cuit the fundamental modification introduced by 
the impedance-inverting circuit is simply the ad-

dition of an inductor having.a reactance ...L1 = ... t 
in series with the crystal. It can be imagined that 
the reactance of the inductor replaces the Xe of a 
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parallel-resonant crystal unit, and the low series
resonant R of the crystal approximately replaces 
its parallel-resonant value, R, .• C., of the network 
is C,." of the vacuum tube, if we view the circuit 
literally. By this interpretation, C11 is not anti
resonant with the inductive branc.h, but must offer 
a higher impedance than does the inductor at the 
operating frequency. On the other hand, if the 
entire external circuit is viewed in toto by the 
negative-resistance method, which is the imped
ance-inverting interpretation, C11 appears as an 
equivaient capacitance equal to C1,~ plus the addi
tional amount required to make the network anti
resonant. Since this latter interpretation can be 
employed to illustrate any oscillator circuit that 
contains a crystal connected in series with an in
ductance L, = l/w1C0 , the presence of the series 
inductance alone could be sufficient to define an 
impedance-inverting oscillator. The inverted im
pedance, Zn, is related to the impedance of the 
inductor and crystal branch as the PI of a crystal 
is related to the equivalent impedance of the crys
tal unit. Although these questions are somewhat 
academic, for some readers it may be more helpful 
to interpret the network in figure 1-182(A) as an 
impedance-converting circuit rather than as an 
inverting circuit. In the transitron circuit, the net
work is directly used to invert the crystal R to a 
higher effective resistance, but in other applica
tions the designer may prefer to treat the actual 
network as an equivalent X. and Re of a parallel
mode crystal unit, transferring the equivalent im
pedances directly to the equations of the basic 
parallel-resonant oscillators. 

1-428. There are two significant advantages to the 
impedance-inverting type of design. One is that 
the conventional parallel-resonant circuits can be 
operated with excellent frequency stability in the 
v-h-f range. Another is that by using series-mode 
crystals at the fundamental frequencies, the design 
restrictions regarding the parallel-resonant type 
of crystal unit can be avoided. No data is avail
able, but experimentation may show that even in 
the fundamental-frequency rangl:! larger outputs 
can be obtained with an inductor and a series
mode crystal without degrading the over-all fre
quency stability. The chief disadvantage of the 
impedance-inverting network is that it cannot be 
used for broad-band untuned operation. 

IMPEDANCE-INVERTING TRANS/TRON 
OSCILLATOR 

1-429. An experimental 50-mc impedance-invert
ing transitron oscillator is shown in figure 1-182 
(B). In this circuit, the network, consisting pri-
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marily of L,. C0 , and the crystal, is adjusted to 
present a resistive impedance between the screen 
and ground. Since Rr, is very large compared with 
the crystal R, it can be assumed that Rr, is effec
tively connected in parallel with the antiresonant 
network. Cu includes a 3-12 ,,.,,.f padding capaci
tor adjusted at 5 ,,.,,.f, the screen-to-ground capaci
tance, and the suppressor-to-plate capacitance 
(the latter is added because the screen is prac
tically bypassed to the suppressor and the plate is 
at r-f ground). E~, in this circuit can be consid
ered equal to Ee•· Thus, the condition required for 
oscillations to build up is simply that 1/gm be 
smaller than the actual plate-to-ground resistance. 
At the plate voltage used, the initial g111 is approxi
mately 1500 ,,.mhos, so 1/gm = 667 ohms. Ignoring 
the suppressor-to-ground resistance, the screen 
operates into an impedance of R1,Zn/ (Rt + Z.) 
1850 ohms, where Zn = X0 ., 1 /R. The margin of gain 
is therefore on the order of two to one. The power 
delivered to RL was observed to be 15 mw. The 
frequency deviation was measured at 0.1 ppm/ 
volt. When R1 was replaced by a 40,000-ohm re
sistor, the frequency deviation was found to be 
only 0.004 ppm/volt. Although the power output 
is low, the extraordinary independence of the fre
quency under variations in the supply voltage 
marks the impedance-inverting transitron oscil
lator as the most stable to use in the v-h~f range. 
One of the chief reasons for this stability is very 
probably the fact that the r-f screen current need 
contain no reactive component. The impedance
inverting network, as faced by the screen, can 
appear as a pure resistance. 

IMPEDANCE-INVERTING PIERCE 
OSCIL'LATOR 

1-430. A 50-mc impedance-inverting Pierce oscil
lator is shown in figure 1-182 ( C). This circuit 
supplied 70 mw to the 1500-ohm load, and had a 
frequency deviation of 0.6 ppm/volt. Note that the 
total C,. is equal to the total C1,. The antiresonant 
Cn for the inductive branch of the. impedance-in
verting network is thus very nearly ( Cmr + Cp/2), 
which in turn is equal to C.,. This value of Cn nE',g
lects the equilavent negative capacitance due to 
the reactive component of the r-f plate current. 
Viewed only as an impedance-converting network 
connected between the plate and grid, C,. = Gp., 
and the network appears as an inductive reactance 
numerically equal to 2/wCp or 2/wC11• The upper 
useful limit of this type of circuit is approxi
mately 100 me. 

1-431. Figure l-182(D) shows an electron-coupled 
modification of the impedance-inverting Pierce 



Zo 
300 
OHMS 

= 

RL •2000 OHMS 

F • SOMC 
(Bl 

Section I 
Crystal. Oscillaton 

300 OHMS 

I
I0001u1I 

1000MMII 

C0 • IIMMI 

IR•200HMS = 

+120V 

r------+--..... ------1----~ 
I I 

I 
I 

12.IJU.lf =4NNI 
I 
I I (5~) RL 

10k 

= 

I .,_ ,..., .. , 
I 
I 
I 
I 

½ = 

... 

..,_l.9J1NI 

I 
½ 

F•SOMC 

(Cl 

Zo 
590 
OHMS 

= 

= 

1500 OHMS RFC 

+l50V 

IOK 

= 

F•54MC 
(Dl 

LP 

Figure 1-182. Impedance-Inverting oscillator circuits. (BJ Impedance-inverting tronsltron oscillator. (CJ 
Impedance-inverting Pierce oscillator. (DJ Impedance-Inverting electron-coupled Pierce oscillator 

oscillator. The frequency of the oscillator circuit 
is virtually independent of the tuning adjustments 
in the plate circuit. With the plate circuit tuned 
to the 1st, 2nd, 3rd, and 4th harmonics succes
sively, the power supplied RL was found to be 400 
mw at 54 me, 225 mw at 108 me, 50 mw at 162 
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me, and 10 mw at 218 me. The frequency stability 
is approximately the same as that of the triode 
circuit in figure 1-182(C). The upper frequency 
limit of the grounded-screen circuit in (D) was 
found to be 70 me. 
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IMPEDANCE-INVERTING MILLER 
OSCILLATOR 

1-432. Figure 1-182(E) is an experimental design 
of a 50-mc, impedance-inverting, Miller oscillator. 
The oscillator is designed so that the C. of the 
equivalent negative resistance circuit is equal to 
Co. Assuming that the reactive component of the 
plate current is negligible, Cn = C., = c .. + C" 
where C, is the equivalent capacitance of Cn in 
series with the parallel combination of Cp and Li,. 
C, is thus given by the equation 

C 
_ Clll (1 - w2 I,, Cp) 

l - 2 -
1 - "' Lp (Cp + C") 

1-482 (1) 

Cn and Cp are fixed by the tube capacitances, and 
C, is equal to c. - C., so the solution of equation 
(1) requires a definite value of 4, which in cir~ 
cuit (D) was found to be 0.744 ,.h. The circuit 
supplies RL with a power output of 0.5 watt for 
a crystal drive of 0.07 watt. The frequency devia
tion was found to be 0.6 ppm/volt. 

Grounded-Cathode Two-Stage 
Feed-Back Oscillator 

1-433. The two-stage feed-back oscillator (see fig
ure 1-183) is used primarily for high-resistance, 
series-mode crystals operating at fundamental 
frequencies not higher than 500 kc and usually 
below 300 kc. The design is rather straightfor
ward. V, and V 2 are tubes of the same type and 
can l:k contained in the same envelope. Although 
pentodes should permit slightly greater frequency 
stability, triodes are quite satisfactory for most 
purposes. Since V 2 alone can provide the neces
sary phase reversal, both tubes can operate into 
resistive loads. The V, plate circuit is thus tuned 
to the crystal resonance frequency. The proper 
adjustment of C11 is indicated by a maximum read-
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ing on the meter, M. R1 is connected across the 
Lp-Cp tank, to broaden the tuning and reduce the 
frequency effects of variations in the V1 plate ca
pacitance. The resistance, Re, of the crystal circuit 
is approximately R + 2R.. On the assumption 
that R = Rm (the maximum permissible crystal 
resistance) , R1 should be made as small as pos-
sible consistent with stable oscillations. This is 
desirable in order for the effective Q of the crys~ 
tal circuit, and hence the frequency stability, to 
be maximum. 

1-484. The loop-gain requirement for equilibrium 
is 

where 

G 
Ep1 

l = - == gml ~ 
E11 

and 

1-434 (1) 

1-434 (2) 

1-434 (3) 

1-434 (4) 

Equations (2), (3), and (4) assume that V, and 
v. operate into plate impedances approximately 

I to R d R, ( R + R,) . 
equa ~ an R + 2R, , respectively, and 
that these impedances are very small compared 
with the R11 of the tubes. Combining equations 
(2), (3), and (4), we find that at equilibrium, 
the tube transconductances are such that 

1-434 (5) 
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Figure J-183. Grounded-catltocle two-stage feed-bock otclllator 

Assuming that g.,.1 g.2 = g. •, where g ... is the nom
inal class-A transconductance of the V1 and V2 
type of tube, and that R = Rm, we can select 
values of R1 and R2 so that equation (5) will 
equal 1.5. This provides a 3-to-2 margin of gain, 
which should be sufficient to ensure operation with 
all but completely defective tubes. The cathode re
sistors can be selected so that the amplitude of 
oscillations does not overdrive a crystal of maxi
mum R. An alternative, and possibly a simpler 
approach, is first to select a cathode resistor for 
V1, with the intention of operating that tube at 
a fixed class-A bias. The gain of the V1 stage 
can then be treated as a predetermined constant 
and the V2 stage designed to provide the neces
sary limiting by gridleak bias. The class-A gain 
of the V2 stage must be sufficient to permit oscilla
tions when the crystal unit has a maximum re
sistance, and the excitation current must not be 
sufficient to overdrive the crystal unit when the 
crystal resistance is a minimum. If desired, a 
parallel-mode crystal unit connected in series with 
its rated load capacitance can be substituted for 
a series mode crystal unit. Such operation in
creases the average effective feedback resistance, 
but the presence of the capacitor can reduce the 
tendency of the circuit to oscillate at unwanted 
frequencies. 

MODIFIED TWO-STAGE FEED-BACK 
OSCILLATOR 

1-435. A modification of the two-stage, feed-back 
oscillator to reduce the higher harmonics and 
thereby improve the quality of the sine-wave out-
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put for sync control is shown in figure 1-184. It 
can be seen that the tuned tank. undamped, is con
nected in the plate circuit of V2 instead of that 
of V1 as is conventionally done. The output, E0, is 
taken from a different part of the tank in each of 
the three circuits represented. The non-bypassed 
cathode resistors are inserted for their degener11-
tive effect on the higher harmonics and parasitic 
frequencies. They also reduce the effective input 
capacitance of the tubes. It would seem that the 
degradation of the crystal Q is somewhat large. 
The Miller effect in V 1 is probably significant in 
determining the impedance that the crystal faces 
-certainly so in circuit (C), where R1 is one 
megohm and C, is inserted to increase the plate
to-grid capacitance by 25 ,,.,,.f. However, the chief 
purpose of C, is to serve as a neutralizing ca
pacitance for all free-running oscillations. where 
the crystal unit would behave as a capacitance, C0 • 

Colplth Oscillators Modltecl for Crystal Co•trol 

1-436. Figure 1-185 illustrates a number of spe
cial-purpose circuits which are basically Colpitts 
oscillators modified for crystal control. 'Circuits 
(A), (B), and (C) are conventional CI-meter 
oscillators (see paragraph 1-220). The tank in
ductance, equal to 2L1, is split into two equal in
ductances. Lu. and Lin• Each of the variable 
inductors in circuit (A) actually represent seven 
fixed inductors which can be connected into the 
circuit by a range switch. The capacitors C1 (A 
and B) are continuously variable, and are so 
ganged that C,A is always equal to C1s• Cfrcuits 
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Fig. Equipment Purpose F1 CR R1 R2 R3 R, R, 

(A) Range Calibrators Crystal con- 327.8 Sig C Stock 1. 8 10 18 1000 1.8 
TS-102/AP and trol of 500-yd No. 2X62-
TS-102A/AP mark'!r and 327.8; WECo 

sync pulses No. D-168342 

(B) Calibrator Crysti.l eon- 491.()4 WECo No. 1.8 10 18 1000 1.8 
TS:.l!l/APQ-5 trot of 1000-ft D-164868 

marke~ and 
sync pulses 

(C) Range Calibrator Osc for 186.3 Belmont 1.8 10 1000 1000 l.8 
TS-293/CPA-5 radar JFF. Drawing No. 

P /0 Radar Sets A-SK-3677 
AN/CPX-1 and 
AN/CPX-2 

Circuit Data for Figure 1-184. Fin kc. R in kilohms. C in ,.,.r. Lin 11h. 

R6 ., r ca 
,-~- loCBl 

I; 
l'I ~ 

D~ .l _-_ EJA) 

....... II---+---, C4 

R2 

Cl 

C7 

8+ 
VI! !JC) 

RS R4 RO 

CA) 18) !Cl 

Flg11re 1-184. Modification, of two-stac,e feed-boclc oscillator to ifflprove sine-wave ovtput 

Fig. Equipment Purpose F1 CR R1 R2 Re R. Ra Re fu Re Rv Rio 

(A) Crystal Substi- 1-15 Mlli- 2.2 22 1 0,27 25 
Impedance tution tary eaeh 
Meter circuit Stan-
TS-330/ for meas- dud 
TSM uring qll&IU 

param• :r· eters 
of crys. 
tal 

unita 

unit 

Circuit Data for Figure 1-186. Fin me. R In ldlohms. C in 1111! except where otherwise noted. L In 11h, 
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L1 v, v, 
600 88N7GT 

380 6SN7GT 

Sic C 88N7GT 
Stock No. 
ZC-638-
lCl 

! @Jt ltA:~IRATE! iJ4 

II ~ i ---•~n = 1-1511(:= 
I = cv 
: 250,000T I 
I = = I L---- ------------------- --- --- ---- ____________ J 

(Al 

,1gu,. 1-11$. Colpitts clrcvlt1 modHled for Nrfe..mode crystal control 

Ci C1 C. c. Ca C. Cr Ca C. L1 Le Le Lt V1 v. 
7.8- 61 l.o- 250,000 250,000 10,000 80 542 250,000 2.6- 6V6GT 
HO ., 885 

each each 
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Fig. Equipment Purpose F, CR R, R, 
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eters of units 
crystal 
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Circuit Data for Figure 1-185. F in kc. R in kilohms. C in fl.l'.f except where otherwise noted. L in µh. 
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(B) and (C) are substantially of the same basic 
design as circuit (A). Except for resistors R. and 
capacitances C, and C., the parameters of circuits 
(B) and (C) have the same numbers as their 
functional analogues in circuit (A). Circuits (B) 
and (C) are not designed for parallel-resonance 
measurements. For crystal resistance measure
ments the calibrating resistor must be substituted 
exter~ally for the crystal unit. The capacitors C, 
are fixed and the inductors L, are continuously 
variable and are so ganged as always to be equal. 
In each of the CI-meter circuits shown, it can be 
seen that if the resistance of the tank, including 
the crystal, were zero, and if the tank were per
fectly balanced, no voltage would exist between 
the crystal and ground. The voltage across L1A 

plus that across C,A would equal zero, and no cur
rent would flow through the resistors R,, which 
effectively form a bridge between the inductance 
arm to the grounded connection of the capacitance 
arm. In practice, a net voltage does exist across 
L,A and Ca in series, and this voltage appears 
across R,A, being measurable at the jacks Jl and 
J2 in circuit (A). The r-f voltage across R,B is 
approximately that across J3 and J4, which in 
turn is equal to the R,A voltage plus that across 
the crystal resistance. The R, resistors are not 
essential insofar as maintaining oscillations is con
cerned, but they load the circuit, thereby reducing 
the effect of the variations in crystal resistance 
upon the oscillator activity, and they serve to pro
tect the crystal, to balance the circuit to ground, 
and to facilitate measurements of the crystal volt
age (Eue E13 EJ,) without unduly interfering 
with the effective circuit parameters. The CI-meter 
oscillator can be analyzed as a particular type of 
transformer-coupled oscillator, as an impedance
inverting oscillator, or as an equivalent Pierce 
oscillator having a crystal X. w(L,A + Lrn) and 
an effective crystal resistance accounting for the 
losses in the resistances R, as well as in the Re of 
the actual crystal. 
1-437. Figures 1-185 (D) and (E) are examples 
of grounded-plate Colpitts circuits which have 
been modified for series-mode crystal control. Cir
cuit (D) is designed to provide positive range 
pips to the grid of V2 • The circuit operates class C 
at either one of two frequencies, the appropriate 
crystal being connected between the cathode tank 
and the grid of V1 • Circuit (E) is designed for 
either manual or crystal control. During manual 
control the resistor R, replaces the crystal unit. 
V, is operated as a reactance tube. The a-f-c bias 
varies in such a way that the b-f-o frequency 
tends to follow any changes in the frequency of 
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the teletype signal being received. 

CRYSTAL CALIBRATION 

1-438. The design of a crystal oscillator to be 
used for calibrating the frequency of other oscil
lators generally is directed toward obtaining out
puts rich in harmonics. Where tuned-plate circuits 
are required the L/C ratios· should be high, so 
that high impedances are also presented to the 
overtone frequencies. The oscillator should be 
operated class C, and often the gridleak resistance 
is a megohm, or higher. If the crystal calibrator 
is to serve as a frequency standard of greater
than-average precision, this precision becomes the 
principal design problem insofar as the oscillator 
is concerned; if need be, the required harmonics 
can be developed in nonlinear amplifier stages that 
follow the oscillator stage. The higher the over
tone, the weaker will be its effective output power, 
but with proper design useful outputs up to and 
above the 100th harmonic can be obtained. With 
the addition of frequency multiplier and/or di
vider circuits a single crystal can provide a useful 
calibrator frequency range as broad as desired. 
For maximum precision, a G element, usually cut 
for 100 kc, should be used. 
1-439. Figure 1-186 illustrates a simply designed 
crystal calibrator employing an electron-coupled 
Miller oscillator operating into a resistive plate 
load. Such a circuit will ensure sufficient frequency 
stability for most purposes. Harmonic outputs in 
steps of 100 kc are provided up to frequencies of 
10,000 kc. For higher frequencies, the 1000-kc 
crystal can be used to provide calibration points 
in multiples of 1000 kc. The variable grid capaci
tor is employed to ensure that the crystal operates 
into the correct load capacitance. 

Crystal Calibrator Employing Regenerative 
Frequency Divider 

1-440. Figure 1-187 shows the regenerative fre
quency-divider circuit of the crystal frequency 
indicator (CFI) used in Radio Transmitting Set 
AN/ART-13A. This circuit employs a 200-kc crys
tal to control a rich mixture of harmonics, pro
viding useful check points spaced as close as 25 kc 
apart. The crystal oscillator, utilizing the triode 
section, V,, seems best described as a modification 
of an impedance-inverting Pierce circuit. When 
oscillations first start, the output of the oscillator 
is fed to grid No. 1 of the pentagrid mixer, V:" 
The 50-kc and 150-kc components of the noise volt
ages that are mixed with the 200-kc signal are 
amplified by V, and fed to the input of the V, 
triode section. The V, plate circuit, which is tuned 
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to 150 kc, amplifies the 150-kc noise input and 
triples the 50-kc input. The 150-kc output of V 2 is 
then fed back to the pentagrid mixer at grid No. 3. 
It is again amplified and fed back to V2• How
ever, the direct amplification and regeneration of 
the 150-kc signal alone is not sufficient nor prop
erly phased to maintain oscillations at this fre
quency. The 150-kc oscillations are sustained prin
cipally by tripling the 50-kc feedback, which builds 
up as the amplified difference frequency of the 
200-kc and 150-kc inputs to Va. The output of Vs 
is effectively a 50-kc fundamental frequency stand
ard of large harmonic content that is fed to the 
grid of triode section V 4, where it is mixed with 
signals from the variable oscillators of the trans
mitter. The output of V • is fed to the input of an 
audio amplifier, which amplifies the beat note 
whenever the variable oscillator approaches the 
frequency of one of the CFI harmonics. In prac
tice, the recommended check-point harmonics are 
spaced 25 kc apart in the 200--600-kc frequency 
range, 100 kc apart from 2000 to 3000 kc, 150 kc 
(3000-4000 kc), 200 kc (4000-6000 kc), 300 kc 
(6000-9000 kc), 450 kc (9000-12,000 kc), and 
600 kc (12,000 to 18,100 kc). The presence of the 
harmonics of an apparent 25-kc fundamental, 
which is used in the low-frequency calibrations, is 
not readily explained on the basis of the foregoing 
discussion of the circuit. A complete analysis of 
the nonlinear characteristics of the circuit is not 
available, but it appears possible that if a 25-kc 
signal appears at the plate of v~, it can conceiv
ably be sustained by being fed to V 2, mixed with 
f~ to form a sum frequency of 175 kc, fed back to 
Va and mixed with the 200-kc injector signal to 
regenerate a difference frequency of 25 kc. It 

should be understood that f:i 3f~ = ! f 1 is a nec

essary relation, and that f~ and fx are synchro
nized and controlled by the crystal oscillator. The 
phase and frequencies of the regenerative circuits 
automatically follow the phase and frequency of 
the V, output. For a more analyti~al study of re
generative frequency dividers, see discussions by 
R. L. Miller, R. L. Fortescue, and W. A. Edson. 

SYNTHESIZING CIRCUITS 
1-441. Of great promise, particularly for use in 
airborne radio equipment in the v-h-f range where 
crystal control is necessary to maintain the re
quired frequency stability, has been the develop
ment of synthesizing circuits, in which a very few 
crystals are able to control a large number of 
channels. In the discussions to follow we shall use 
the term frequency synthesis very loosely to apply 
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to any type of frequency-control circuit or system 
in which a few fixed-frequency oscillators are 
used to control or to stabilize a large number of 
radio frequencies. If the term were used rigor
ously, it would apply only to those cases where an 
output frequency is produced entirely from heter
odyned combinations of internally generated fre
quencies. Examples of this type are tprovided by 
the Plessey frequency generator and by the Collins 
transmitter frequency-control system employed in 
Radio Set AN/ ARC-27. For our purposes we shall 
extend the term to cover such systems as the 
Bendix frequency-control circuit in Radio Set 
AN/ ARC-38, where the output frequency is not 
actually synthesized but is obtained from a vari
able-tuned master oscillator that is crystal-stabi
lized at many frequencies. Also implied by the 
term will be such systems as the Collins crystal
controlled multichannel receiver circuits. In these 
latter circuits only one end-product frequency is 
desired - a fixed superheterodyne intermediate 
frequency. But the system d':!sign is such that with 
the use of a very few crystals the desired inter
mediate frequency can be synthesized under crys
tal control from received signals on any one of 
hundreds of possible radio channels. t 

The Plessey Syatlaesizl11g System* 
1-442. The first crystal-controlled frequency syn
thesizer in commercial usage appears to have been 

t Not all types of synthesizers in cui-rent use ue covered 
in the above discussion. Other recently developed and 
equally important circuits include: 

The General Radio Company synthesizer, developed 
under Signal Corps Contract No. DA-86-089-sc-16542, The 
GR synthesizer operates on a IH·inciple fundamentally 
different from those described in this report. In the GR 
system an oscillator is lfhase- and frequency-locked 
through a variable scale-ox-N divider. The pulse output 
of the divider is compared by coincidence methods with 
a pulse derived from a crystal oscillator. The frequency 
range of this synthesizer is 0.1 me to 10 me. 

The Matawan Synthesizer ME-447, of the Lavoie 
Laboratories Instrument Company. This system gene1·ates 
any multiple of 1 kc within the range of 1.0 me to 2.0 me. 

The Rohde and Schwarz decade synthesize1· and exciter 
system (Federal Telephone and Radio Company Types 
HS-431, HS-441, and HS-471), whkh covers a range of 
50 kc to 30 me. 

The Telefunken Precision Frequency Meter. This meter 
is used in the measurement of fi·equencies between 1 kc 
and 800 me. The circuitry contains a frequency synthesizer 
capable of generating sine-wave outputs between 1 kc and 
30 me. It is claimed that harmonics and sidebands of the 
output frequency are at least 80 db below the selected 
signal, and that the svnthelliier aceul'acy is ± 0.2 cps for 
frequencies between 1 kc and 3 me, and ± 2.0 cps between 
3 me and 30 me. 

• Note: The discussion of the Plessey synthesizing system 
is based primarily upon the report, "The Frequency 
Synthesizer", by Mr. H. J. Finden of the Plessey Com· 
pany, Ltd., England, published in the Journal of the 
Institi,tion of Electrical Enginefli"s, Vol. 90, Part III, 1948. 



that developed by the Plessey · Company, Ltd. of 
England. This synthesizer has been designed as a 
frequency generator to be used in making precise 
radio-frequency measurements. The synthesizing 
system employed is nevertheless quite applicable 
for other uses, such as providing mult~channel ex
citation voltages for radio communicatipn equip
ment. As designed by the Pl~ey engineers, the 
synthesizer generates a sequence of harmonic sig
nals of much greater precision and purity than is 
obtainable with conventional types of frequency 
generators. The original model permits a direct
reading dial selection of any of the first 10,000 
harmonics of 1 kilocycle per second; a later and 
larger model extends the range to the first 100,000 
harmonics, i.e., any harmonic of 1 kc up to 100 
me. All these frequencies are made available singly 
as pure sine waves ( unmixed with other har
monics or frequency products) by a decade system 
:::.f frequency dividers and multipliers, mixing 
stages, and filters where all the generated fre
quencies are under the control of a single 1000-kc 
precision cry&tal standard. Theoretically the sys
tem could be extended to cover a broader or a dif
ferent frequency range; or could be changed to 
permit steps between adjacent frequencies that 
are smaller or larger than 1 kc. If required, it 
would be quite practicable for the Plessey gener
ator, itself, to be expanded to cover also the 100-
to-1000-mc range in 10-mc steps. In 1965 the 
Schomandt Company of Munich, Germany placed 
m: the market a similar type of synthesizer fre
quency generator covering the 0-30-mc range in 
1-kc steps. The output of the Schomandt synthe
sizer is equivalent to that of the Plessey synthe
sizer in quality, having at least a 60-db attenua
:;ic,n of all unwanted frequencies. It was the 
demand for such narrowly spaced pure output fre
quencies for use in making frequency measure
ments that originally led to the development of 
the synthesizer circuits. 

SYNTHESIZER ADV.4NTAGES IN RADIO
FREQUENCY MEASUREMENTS 
1-443. Prior to the development of the frequency 
synthesizer there were two conventional methods 
for measuring radio frequencies-the "interpola
tion" method and the "successive heterodyning" 
method.• Briefly, the interpolation method, which 
is satisfactory where extreme accuracy is not re
quired, consists of mixing the unknown frequency 
with the two nearest harmonics of a frequency 
standard, and zero-beating the difference frequen
cies obtained against the output of a linearly 
tuned variable oscillator. It is then possible to 
interpolate the unknown frequency by determin-
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ing its relative position between the known har
monics of the standard. In the successive hetero
dyning method, the unknown frequency is mixed 
with a known harmonic of a frequency standard; 
the difference frequency is then heterodyned with 
a second standard harmonic to obtain a second 
and lower difference frequency; and the process 
is repeated, if necessary, until a difference fre
quency is obtained that lies within an accurately 
measureable audio range. Although the successive 
heterodyning method can be quite accurate, occa
sions arise where the operator cannot be certain 
without undue checking that the difference fre
quencies being measured are not the products of 
unwanted harmonics contained in the heterodyned 
signals. The use of a frequency synthesizer that 
permits individual pure sine-wave outputs of a 
sequence of narrowly spaced frequencies, instead 
of a simultaneous mixture of many harmonics, 
can be said to offer a third and greatly superior 
means of measuring radio frequencies. 
1-444. With the use of decade dial control, greater 
operating simplicity is possible than with the in
terpolation method; and when the pure sine-wave 
frequencies are spaced only 1 kc apart, the inter
polation accuracy of the successive heterodyning 
method is maintained, but with the elimination of 
those chance difference products that can result 
from harmonic mixtures of multiple stages of 
heterodyning. 

FUNCTIONAL OPERATION OF PLESSEY 
SYNTHESIZER 
1-445. The circuit system by which the Plessey 
synthesizer produces thousands of frequencies, all 
controlled by a single 1000-kc crystal standard, is 
illustrated in figure 1-188. The block diagram 
shown is that of the original, single-cabinet model 
that permits the operator a choice of any one of 
the first 10,000 harmonics of 1 kc. It can be seen 
that there are three successive stages in which the 
input frequency is divided by 10, so that the last 
divider represents an over-all division of the orig
inal standard ( 1000 kc) by 1000. The dividers and 
the 1000-kc harmonic generator are of the syn
chronized, free-running, multivibrator type whose 
outputs are rich in harmonics. Each of these mul
tivibrator circuits forms the first stage of a 
sequence which can be tuned to pass any one of 
the first 10 harmonics of its respective multivi
brator fundamental. These sequences are labeled 
A, B, C, and D in figure 1-188. In the synthesis of 
a frequency, we can say generally that sequence A 

• Note: See pa1·ag1·aph 2-66 to 2-151 for detailed descrip
tions of frequency'-~easuring systema in current use. 
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Figure 1-111. Bloclc diagram of a Jlllessey 1yntlte1lzer de1l9ned to cover tit• 0--10-mc spectrum In 1-lcc step• 

supplies that part of the final frequency which is 
a multiple of 1000 kc, B that part which is a mul
tiple of 100 kc, C that part which is a multiple of 
10 kc, and D that part which is a multiple of 1 kc. 
1-446. For example, assume that an output fre
quency of 6789 kc is desired. The A, B, C, and D 
harmonic selectors, respectively, will be decade
set to pass the 6th, 7th, 8th, and 9th harmonics 
of their respective input signals from the preced
ing multivibrator stages. In balanced modulator 
C, the output of selector D, 9 kc, is mixed with 
the 80-kc output of selector C. (The signals are 
heterodyned in a balanced modulator circuit 
rather than in .. more efficient type of mixer in 
order to eliminate the two input frequencies from 
the modulator output. In this manner the sum and 
difference products become the dominant frequen
cies in the modulator output.) Filter C is dial-set 
to pass the desired frequency product, 89 kc, 
which it feeds to balanced modulator B. In modu
lator B, the 89-kc signal is heterodyned with the 
700-kc output of the decade-set harmonic selector 
B. Filter B is dial-set to pass the sum product, 789 
kc, from the B modulator output to the A modu
lator input, where it is mixed with the 6000-kc 
output of harmonic selector A. Filter A is dial-set 
to pass the sum p.roduct, 6789 kc, of the mixed 
signals, which product is then amplified and fed 
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through a phase inverter to the synthesizer out
put jack. 
1-447. The foregoing example of the operation of 
the Plessey synthesizer suggests that the sum 
rather than the difference products of the mixed 
signals are always selected. In practice this is not 
the case, even though the decade dialing system is 
so designed that the operator is always provided 
a direct reading of the output frequency as if he 
were only adding the decade units together. In 
order to sufficiently filter out the unwanted prod
uct. it is important that the signals to be mixed 
are so selected that there is at least a 10 per cent 
difference in frequency between the sum and dif
ference products. Since the filters must be capable 
of suppressing all adjacent harmonics of the mixed 
signals, it can be assumed that they are also cap
able of suppressing the unwanted heterodyne 
product if it differs from the desired product by 
as much as the fundamental harmonic of the m()d
ulator input from the harmonic selector. For ex
ample, in modulator C, the space between the sum 
(fc + f,.) and the difference (fc - f1,) frequen
cies should not be less than 10 kc, the fundamental 
of the harmonic from selector C. Since 

(fc + f1,) - (fc - f1,) = 2f" > 10 kc 

then f., must never be less than 5 kc if it is to be 



mixed with fc, Similarly, fen must not be less than 
50 kc if it is to be mixed with fa, and fnci, must 
not be less than 500 kc if it is to be mixed with f". 
1-448. To illustrate, let us suppose that a fre
quency of 91 kc is desired. It wouJd not do for fc 
and fl) to be 90 kc and 1 kc, respectively, for then 
the sum product, 91 kc, would be separated from 
the difference product, 89 kc, by only 2 kc. Rather, 
100 kc should be selected as fc and 9 kc as fl). The 
variable filter C would be set to pass the difference 
product, 91 kc; which product differs from the 
sum product, 109 kc, by 18 kc, well beyond the 
minimum permissible limit of 10 kc. 
1-449. As a more involved example we shall de
termine the heterodyne frequencies that would be 
used in the synthesis of an 8136-kc output. For a 
mental calculation of the correct frequency com
binations the easiest method is to start with the 
output frequency, fAscri, and from this determine 
fA, fl!(m, f11, fer,, fc, and fn in that order, working 
from the larger units to the smaller. Each of the 
above six frequencies is determined by remember
ing that none of the input frequencies to the A, B, 
and C modulators can be less than 500, 50, and 5 
kc, respectively. Thus, we see at once that 8136 kc 
is not to be the sum product of 8000 kc and 136 kc 
in the A modulator, since 136 kc is less than 500 
kc. So fA must be 9000 kc and f""" must be 1000 
minus 136 kc, that is, 864 kc; which means that 
filter A will be adjusted to pass the difference 
product (9000 kc minus 864 kc). Since 64 kc is 
greater than 50 kc, the required 864-kc output of 
modulator B can be obtained as the sum product 
of 800 kc and 64 kc, fn and fen, respectively. Since 
4 kc is less than 5 kc, the required 64-kc output of 
modulator C must be obtained as the difference 
product of 70 kc and 6 kc, fc and f 0 , respectively. 
We see that in order to select an output of 8136 
kc, the decade dials of the A, B, C, and D har
monic selectors must be set to pass, respectively, 
the 9th, 8th, 7th, and 6th harmonics. In other 
words, the output frequency would be a synthetic 
product of the four frequencies, 9000 kc, 800 kc, 
70 kc, and 6 kc. So also would be an output fre
quency of 9876 kc. Since the decade dials that con
trol the harmonic selectors may be set at the same 
positions for two or more frequencies, some ar
rangement must be made so that the decade read
ing presented to the operator identifies correctly 
the particular frequency being synthesized. This 
convenience· is accomplished in the Plessey syn
thesizer by manually operated range adjustments 
that alter the correspondence of the dial readings 
with the dial positions. Thus, in the example 
above, with the proper range settings, decade dial 

WADC TR 56-156 291 

Sedion I 
Crystal Oscillators 

A in position 9 would give a reading of 8, decade 
dial B in position 8 would give a reading of 1, 
decade dial C in position 7 would give a reading 
of 3, and decade dial D in position 6 would give 
a reading of 6. The mechanics of exactly how 
this feature is incorporated in the Plessey syn
thesizer, although relatively simple in principle, 
is somewhat beyond the subject matter of our 
assignment here. 

CIRCUIT DESIGN OF PLESSEY 
SYNTHESIZER 

1-450. The general circuit design employed in a 
Plessey synthesizer is shown in the schematic dia
gram of figure 1-190. The circuit shown, when 
synchronized by a 1000-kc standard (whose cir
cuit is not shown), is capable of covering the 0-
10-mc range in 1-kc steps. Note that each of the 
four decade harmonic sequences begins with a 
multivibrator-type of harmonic generator. Rheo
stats are furnished for adjusting the natural oscil
lation period of each multivibrator, in order to 
allow for aging effects and the like. More elab
orate or reliable harmonic-generator circuits are 
not required since the failure of any of the multi
vibrators would be immediately apparent by the 
reading in the output meter. Figure 1-189 shows 
in detail the circuit parameters of the 100-kc mul
tivibrator, which also acts as the 1st divider. Note 
that the 1st divider is synchronized by the output 
of the 1000-kc amplifier and not directly by the 
frequency standard. The output of the 1st divider 
in turn is used to synchronize the 2nd divider, and 
that of the 2nd to synchronize the 3rd. 

1-451. In figure 1-190 it can be seen that harmonic 
selection is achieved by switching to the correct 
tuning capacitor from a bank of 10. The samP 
inductance is used for each of the harmonics. 
Since the percentage difference between adjacent 
harmonics is less as the order of the harmonic be
comes higher, it is more difficult to eliminate the 
9th and 11th harmonics when selecting the loth,, 
than it is to eliminate the 1st and 3rd when select
ing the 2nd. For this reason, the value of each of 
the fixed tuning inductors is chosen to provide an 
optimum Q at the 10th harmonic. This permits a 
relative magnification of the 10th harmonic over 
its adjacent harmonics of approximately 200, 
which is equivalent to a 32-db attenuation of the 
9th and 11th harmonics and more than that for all 
others. The attenuation of adjacent harmonics be
comes greater as the selected harmonic becomes 
lower, so that in any event it is never less than 
32 db at each tuned circuit. Two tuned circuits in 
series provide more than a 60-db attenuation, 
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thesiier designed to cover the 0-10-mc spectrum in 
I-Ice steps. The circuit of the crystal oscillator standard 

is not show11 

which for all practical purposes is sufficient to 
consider the selected harmonic a pure sine wave. 
1-452. With the use of a balanced modulator it is 
not necessary to use as many tuned circuits as 
would otherwise be necessary to eliminate all un
wanted harmonics and frequency products. Note 
in figure 1-190 that the balanced modulator design 
is such that two matched amplifiers have a com
mon output circuit, but that they are excited by 
equal signals 180 degrees out of phase, so that the 
amplified signals cancel each other in the load. 
Thus, even though the heterodyne efficiency of the 
balanced modulator is less than that of other types 
of mixers, the balanced circuit is greatly advan
tageous in helping to eliminate all the unwanted 
frequencies, particularly the unwanted harmonics, 
that originate in the circuits preceding a mixer 
stag,'. In the Plessey synthesizer it can be seen 
that the modulators are provided with a switching 
arrangement by which ·one of the tubes of each 
mochllator can be cut out of the circuit by opening 
its csthode return. One of these switches is opened 
whenewr a modulator stage must pass an un
mixed signal. With one tube removed, the balanced 
arrangement is destroyed, and since only one in
put signal is being handled, the vacuum tube still 
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connected in the circuit will be operated as a con
ventional amplifier. If, for example, the desired 
output were a 2000-kc signal, none of the modu
lators would be in operation except modulator A, 
which would be unbalanced and operated simply 
as an amplifier of the 2nd harmonic from the 
1000-kc harmonic generator. 
1-453. Variable-tuned circuits are provided as 
bandpass filters. These must be adjusted manually 
in selecting the proper heterodyne product to be 
passed. The selectivity is sufficient to provide at 
least a 30-db attenuation of any unwanted signal 
that differs as much as 10 per cent from the de
sired signal. 
1-454. The phase inverters are inserted for proper 
impedance matching. They permit an output at 
any frequency within the operating range of 100 
miHivolts across a 75-ohm load. The system as a 
whole insures at least a 60-db attenuation of all 
unwanted frequencies. 
TIie IHdlx Sy•thesbl11g System 
1-455. In America, much of the pioneering in the 
field of frequency synthesis has been done by the 
research staff of the Bendix Corporation. 
The following discussion is based upon the syn
thesizing circuit originally described by W. R. 
Hedeman of Bendix in the magazine Electronics. 
Figure 1-191 shows a block diagram of the syn
thesizer circuit developed at Bendix for use in 
controlling the frequency of a continuously vari
able v-h-f receiver heterodyne oscillator. In this 
circuit, the first crystal oscillator employs but one 
crystal. The harmonic generator that follows this 
oscillator produces a rich output of harmonics, the 
first of which is fc, the fundamental of the first 
crystal oscillator. The harmonics selector is com
posed of a number of band-pass circuits, each cir
cuit designed to pass a particular harmonic of the 
crystal frequency. The number of frequencies con
trolled by the synthesizer is directly proportional 
to the number of harmonic channels in the selec
tor. Let fh equal the harmonic seleeted and f. equal 
the frequency of the variable oscillator. The value 
of fo is always higher than that of fh. These two 
frequencies are mixed in the first frequency con
verter to form the sum-and-difference frequencies, 
which, in turn, are fed to the input of the first 
band-pass amplifier. The first band-pass amplifier 
amplifies and passes only the difference frequency, 
f. - fi.. This difference frequency is fed to the 
second frequency converter, where it is mixed with 
the output, f., of the second crystal oscillator. The 
second crystal oscillator is generally provided with 
more than one crystal unit, but only the funda
mental frequency of the oscillator is used when a 
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particular crystal is selected. The number of con
trolled channels is directly proportional to the 
number of second-oscillator crystals. The sum and 
difference frequencies of the frequency converter 
are fed to the second band-pass amplifier, which 
amplifies and passes only the difference frequency, 
(fo - fh) - f%. This difference frequency is fed 
to a discriminator. The number of channels con
trolJed is directly proportional to the number of 
discriminators used. The d-c a-f-e output of the 
discriminator is used to control the bias of the 
control tube. The plate current of the control tube 
determines the rotor position of a servo motor, 
and the rotor is mechanicalJy coupled to control 
the tuning elements of the variable oscillator. The 
servo motor continues to turn and thereby con
tinues to change the frequency, fo, until the output 
of the discriuiinator is zero. This occurs when the 
output of the second band-pass amplifier is equal 
to fd, the frequency of the discriminator circuit. 
By reversing the polarity of the discriminator out
put leads, f0 can be made to vary in the opposite 
direction in order to reach equilibrium. Thus, for 
each value of fh, f., and fd, there are two equili
brium values of fn. These are given by the equation 

1--456 (1) 

1-466. Let 
N = Total number of channels, f •. 
H = Number of harmonics used (1st crystal 

oscillator). 
X = Numberofcrystals (2nd crystal oscillator). 
D Number of discriminators. 
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It can be seen from equation 1--455 (1) that 

N = 2HXD 1--456 (1) 

The factor 2 is introduced by the fact that for each 
discriminator there are two values of fo for each 
combination of fh and f,. One value is f 0 fb + 
fx + f~, and the other is f. = f. + f. - fd. 

1-457. As a concrete example, let us imagine that 
it is desired to cover the frequency range between 
100 and 156 me with the channels spaced 200 kc 
apart. The lowest value of f. is to be 100.2 me, 
and the highest is to be 156 me. Thus, 

N = (max) f0 - (min) f. + 1 = 156 - 100 = 280 a.f. 0.2 

1--467 (1) 

By equation 1-456 (1), 

HXD 
N -= 140 2 . 1-467 (2) 

The smallest total number of elements occurs when 
H, X, and D can be made as nearly equal to each 
other as possible, but in an actual design problem, 
this may not be the most practical solution. In our 
particular example let us assume that the first 
seven harmonics off. are to be used. 
With H = 7, then by equation (2) 

XD = 140 = 20 7 
1-457 (3) 



Svction I 
Crystal Oscillators 

The combinations (X,D) possible are (20,1), 
(10,2), (5,4), (4,5), (2,10), and (1,20). For our 
problem we shall suppose that the combination 
(X 10, D = 2) proves the most practica1. Thus, 
with the use of 11 crystals in all and 2 discrim
inators, 280 crystal-controlled channels are to be 
obtained. 

1-458. Let fi. f2, f:i .... f:!,n designate the values 
of f. from the lowest to the highest, in that order. 
Let f,i. f.:! .... f,10 designate the values f. from 
the lowest to the highest, in that order. The values 
of f" in ascending order are f, , 2£,. . . . . 7f, .. Fi
nally, let frt1 and f112 designate the lower and the 
higher discriminator frequencies, respectively. To 
avoid the possibility of spurious conversion. fre
quencies, the highest value of fh should be less than 
the minimum associated 1st band-pass amplifier 
frequency, f. - f11. Also, the lowest value of f, 
should be higher than the highest 2nd band-pass 
amplifier frequency, which, of course, will equal 
the highest discriminator frequency, frl. The order 
of the variable-oscillator frequencies and the se
quence of circuit connections required to provide 
each frequency is indicated by the following se
quence of equations. 

f1 :c: f,. + f,1 - f112 100.2 me 

f2 f,. + f,1 -f111 = 100.4 me 

f,. + f.~ - frt2 100.6 me 

f.i ::::c f,. + f,2 - fa1 = 100.8 me 

etc 

f20 ,cc: f,. + f,rn - frt1 104 me 

f21 f,. + f,1 frt1 = 104.2 me 

f22 = f,. + f,1 + f"2 104.4 me 

f:!:1 f, + f,:! + frt1 = 104.6 me 

f:!, f. + f,s + frt:J 104.8 me 

etc 

f.iu f, + f,10 + frt:! = 108 me 

f.1 = 2 f,. + f,1 - frl:i = 108.2 me 

f,:i 2 f, + f,1 - frt1 = 108.4 me 

f,:i = 2 f .. + f,:i - frt2 = 108.6 me 

etc 

fes11 7 f .. + f,w + frt:! = 156 me 

1-459. It can be seen from the equation sequence 
in paragraph 1-458 that the difference between 
the channel frequencies is equal to the difference 
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between the discriminator frequencies. Thus, 

1-459 (1) 

Note in the equation sequence in paragraph 1-458, 
that for a given harmonic frequency, fh, an the 
f, crystals are used in sequence before the polarity 
of the discriminator outputs are reversed. In other 
words, frt1 and frt2 are first subtracted from an com
binations of a particular harmonic with the X
crystal frequencies and then added to the same 
combinations. This process is repeated with each 
harmonic. If we subtract the equation for f1 from 
the equation for fa, we have 

Af. = f,2 - f,1 f:i - f1 0.4 me = 2 Afrt 

1-459 (2) 

In the general case, 

1-459 (3) 

where D is the number of discriminators. The 
same value of Af, also holds between any other 
two consecutive values off,. Thus, 

f,2 = f,1 + Af, 

f,a = f,1 + 2 Af, 

f.. f,1 + (n -1) t.f, = f., + (n -1) D Afrt 

1-459 (4) 

The highest frequency of the second crystal oscil
lator is given by equation (4) when n X = the 
total number of crystals. Thus, 

(max) f, fx1 + (X - 1) D Afrt 

1-459 (5) 

With the use of equation (5) we can find the low
est discriminator frequency, frt1, This is done by 
subtracting the equation for f:io from the equation 
for f:!" which gives 

f:i1 - f"" = f,1 - f,111 + 2frt1 = Afrt = 0.2 me 

1-459 (6) 

Since f, 111 is a particular case of (max) f., we can 
substitute equation (5) in equation (6) to obtain 
a general equation. We find 



On rearranging after canceling out fx1, 

f - Af (1 + DX - D) 
dl - d 2 1-459 (7) 

The general equation for any particular discrim
inator frequency, fdn, is similar to that for fxn 
given by equation ( 4). Thus, 

fdn ::::: fdt + (n -1) J1fd. 

and 

(max) fd frt1 + (D - 1) Md 

1-459 (8) 

1-459 (9) 

The next problem is to obtain a general equation 
for f,. This can be had by subtracting the equa
tion for f 40 from the equation for f 41 • The re-
mainder is 

where f,10 (max) f, and fd:! ::::: (max) fd. Thus, 

or 

f,. ::= 2 fo:! + 2 fdt 

f, ::::: 2 [ (max) fn + (min) fd] 1-459 (10) 

Finally, with f, determined, we can use the equa
tion for f1 to find f,1, 

1-450. We are now in a position to express any 
of the circuit frequencies in terms of the param
eters fi, i1fo, N, H, X, and D. For the nth channel, 

fn = f1 +. (n - 1) Afu 1-460 (1) 

For the highest channel, 

(max) f 0 = f1 + (N - 1) Af.. 1-460 (2) 

For the lowest discriminator frequency, 

t.fo (1 + DX - D) 
2 

For the nth discriminator frequency, 

f 
_ Af,. (DX - D + 2n - 1) 

dn - 2 

1-460 (3) 

1-460 (·0 

For the highest discriminator frequency, 

(max) fd 
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.1f .. (DX+ D-1) 
2 

1-460 (5) 
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For the fundamental of the 1st crystal oscillator, 

1-460 (6) 

For the nth harmonic frequency, 

1-460 (7) 

For the highest harmonic, 

1-460 (8) 

For the lowest frequency of the 2nd crystal oscil
lator, 

f.1 
2 f1 - A!., (3 DX - D + 1) 

2 
1-460 (9) 

For the nth frequency of the 2nd crystal oscillator, 

f .• 2 f1 - Af .. (3 DX + D + 1 - 2 Dn) 
2 

1-460 (10) 

For the highest frequency of the 2nd crystal os
cillator, 

(max) f, 2 f1 - .lf., (DX + D + 1) 
2 

1-460 (11) 

and the difference between the consecutive values 
off" 

.:i.f, .:i.f., D 1-460 (12) 

1-461. On applying the equations in paragraph 
1-460 to the numerical example that has been 
assumed, where f1 ·cc 100.2 me, .lf., 0.2 me, 
N 280, H 7, X "" 10, and D 2, we find that 

f _ 0.2 (1 + 20 - 2) _ l 
9 ,11 - 2 - . me 

f,1~ = 1.9 + 0.2 = 2.1 me 

0 2 280 f,. = · = 8mc 

f., 11 f.,~, etc. 8, 16, 21, 32, 40, 48, 56 me 

200.4 - 0.2 (60 - 2 + 1) 
----·--2 9t3mc 

.lf, 0.4 me 

f,i. f,~, etc = 94.3, 94.7, 95.1, 95.5, 95.9, 96.3, 
96,7, 97.1, 97.5, 97.9 me 
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Note that the highest harmonic frequency is equal 
to the bandwidth of the frequency range being 
covered. 
1-462. From the equation, fo = fh + f. ± fd, it 
can be seen that the frequency stability will be 
approximately the stability of the crystal oscilla
tors. This is because fd is so very much lower than 
fh and f,. Although the discriminators should be 
designed with low-loss, temperature-compensating 
materials, even a large percentage variation in fd 
would be negligible in its percentage effect upon 
fo. Since it is the sum of f 11 and f. that determines 
fo, the maximum percentage frequency deviation 
of the total can be no greater than that of the
crystal oscillators individually. Without oven con
trol, the channel frequencies can be maintained 
within a tolerance of ±0.005 per cent, and better. 

RADIO SET AN I ARC-88 
1-463. Radio Set AN/ ARC-33 is an airborne re
ceiver-transmitter designed to operate in the v-h-f 
and u-h-f spectrum. This equipment, developed by 
the Bendix Corporation, employs a modified ver
sion of the Bendix frequency-synthesizing system 
discussed in the foregoing paragraphs. The fre
quency-control section (see figure 1-192 for block 
diagram) is designed to permit receive-transmit 
communication on any one of 1750 channels 
spaced 100 kc apart in the 225-to-399.9-mc band. 
1-464. An important modification in the synthe
sizing system arises from the fact that the syn
thesized frequencies are utilized as heterodyne in
jection signals during reception and as carrier 
signals during transmission. The tuning controls 
are such that the receiver and transmitter circuits 
are always automatically tuned to the same chan
nel, but since the desired receiver injection fre
quency must differ from the tuned channel fre
quency by an amount equal to the receiver inter
mediate frequency, the design engineers had to 
decide whether to let the variable-frequency oscii
lator be, in effect, a subharmonic local oscillator 
for the receiver or a subharmonic master oscilla
tor for the transmitter. They decided in favor of 
the receiver. Thus, the stabilized output frequency, 
f., of the vfo, after being multiplied 12 times, is 
used directly as the injection voltage in the 1st 
mixer stage in the receiver. This provides a fixed 
intermediate frequency, f1, of 15.325 me for each 
of 1750 channels. Now, the v-f-o output, f 0 , is also 
used in the synthesis of the channel frequency of 
the transmitter. Since the 12th harmonic of f. 
always differs from the channel frequency by an 
amount equal to fh all that needs to be done in 
principle is to mix 12f. with a fixed osciHator fre-
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quency equal to f1 and for the sum product to be 
isolated and amplified for use as the transmitter 
carrier. In the ARC-38 transceiver this effect is 
a~hieved by mixing the output, f., of a crystal
controlled oscillator ( called the "sidestep" oscil
lator) with the 6th harmonic of f 0 , then selecting 
the sum frequency (6f. plus f.) and doubling it to 
form the carrier frequency, f., which, after ampli
fication, is fed to the antenna. Summarizing these 
frequency relations in the form of equations, we 
have: 

injection frequency = 12 fo 

intermediate frequency = f1 = f. - 12fo 

antenna (channel) frequency = f. 12fo + f, 
= 2 (6fo + f,) 

sidestep frequency = f. = f1/2 

Note the necessary harmonic relation between the 
sidestep output and the intermediate frequency. It 
is also important to note that the principle in
volved in the use of a sidestep oscillator permits, 
not only a Bendix synthesizing system, but any 
synthesizing system to be readily modified for the 
dual-purpose requirements of transceiver fre
quency control. 
1-465. Comparison of figures 1-191 and 1-192 will 
reveal that the 2nd crystal oscillator in the basic 
Bendix synthesizer has been replaced by two 
crystal oscillators ( the 2nd and 3rd in figure 
1-192) in Radio Set AN/ARC-33. This has been 
done to permit a greater number of frequencies 
with a fewer number of crystals. 
1-466. Another significant modification occurs in 
the ARC-33 discriminator circuit. As is explained 
in more detail in a subsequent paragraph, the 
ARC-33 discriminator is not a conventional type 
that employs a parallel tuned circuit to control the 
phase differences between the input voltage com
ponents. In that type of discriminator the output 
voltage always has a net d-c component unless the 
input frequency is equal to the antiresonant fre
quency of the tuned tank. The polarity of the d-c 

• component is an index of whether the input fre
quency is higher or lower than that at which the 
tank is tuned, and the amplitude of the d-c com
ponent can be a measure of the amount of differ
ence between the two frequencies. It is this type 
of discriminator that is assumed in the discussion 
of the basic Bendix synthesizing system, the d-c 
output of which is used to control the variable 
oscillator tuning. In the ARC-33, however, the 
discriminator does not employ a tuned circuit, but 
instead is fed a signal that is controlled by the 4th 
crystal oscillator. The discriminator also receives 
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an input signal from the 4th mixer. The two sig
nals combine in the discriminator ·circuit to pro
vide a net d-c output only when the two signals 
are of the same frequency. When the frequencies 
are identical, the behavior of the discriminator is 
quite similar to the behavior of one that employs 
a tuned circuit, the d-c output depending upon the 
differences in phase between the input voltages. 
Since the 4th oscillator can be controlled by either 
one of two crystals, this arrangement is equiva
lent to having two discriminators of the tuned
circuit type. 
1-467. In paragraph 1-456 it is explained that for 
each discriminator, two values of f 0 are possible. 
In Radio Set AN/ ARC-33 only one of these values 
is used for each 4th-osci1lator frequency, namely 

fo fh + fx + fd 1-467 (1) 
ln the equation above, fh is the selected effective 
harmonic of the 1st crystal oscillator, equal to fu 
on the low band and to (fh1 + f112) on the high 
band, f. equals the sum of the frequencies of the 
2nd and 3rd crystal oscillators (f,2 + f,s), and fd 

TO TAANSIIITTfR 

is the frequency of the 4th crystal oscillator fed 
to the discriminator. 
1-468. Other modifications of the Bendix system 
as occur in the frequency-control circuits of Radio 
Set AN/ ARC-33 are of an even less radical nature 
than those described above. There is the division 
of the 1st bandpass stage into low-band and high
band circuits, and there is the addition of an a-f-c 
reactance tube, which is actually more of an ex
tension of the modification caused by the use of a 
crystal-controHed discriminator, but these and 
other special circuit arrangements are best ex- · 
plained in the more detailed analyses later. At 
this point it will be helpful to examine briefly the 
role each of the various oscillator frequencies 
plays in controlling the final antenna frequency. 
1-469. First, we shall examine the simplified block 
diagram shown in figure 1-193. The frequency
control system indicated represents an imaginary 
synthesizing circuit that provides the same trans
mitter output frequencies, f., as does Radio Set 
AN/ ARC-33. The principal difference between the 
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imaginary and the actual systems is that the 
imaginary system is not required to provide an 
injection voltage for a receiver heterodyne circuit, 
nor is it required to employ multiplier stages fol
lowing the variable oscillator. In other words, f,, 
can be assumed to equal f •. Under these conditions 
the various crystal and harmonic frequencies 
would assume the simple values shown in figure 
1-193. The actual circuit frequencies are those in
dicated in the frequency diagram of figure 1-194. 
A comparison of the frequencies in the two sys
tems will show that the injected frequencies in 
each mixer stage of the imaginary system vary 
from one to the next in steps that are 12 times 
greater than are the corresponding steps in the 
actual system. This does not mean, except in the 
case of the 1st crystal oscillator and its harmonics, 
that the imaginary crystal frequencies are 12 
times the actual crystal frequencies; it is only the 
difjerences between adjacent frequencies that are 
related in the proportion of 12 to 1. Since the fre
quency of the variable frequency oscillator in the 
actual circuit is eventually multiplied 12 times, it 
can be seen that the frequency steps in the actual 
circuit are equivalent to those in the imaginary 
circuit insofar as they add or subtract in the con
trol of the antenna frequency. Thus, we can say 
that the antenna frequency is effectively synthe
sized in 10-mc units by the 1st crystal oscillator 
and harmonic generator, 2-mc units by the 2nd 
crystal oscillator, 0.2-mc units by the 3rd crystal 
oscillator, and finally to the nearest 0.1-mc unit 
by the discriminator and 4th crystal oscillator. 

Detailed Circuit Description 
1-470. The principal component of Radio Set AN/ 

. ARC-33 is Receiver-Transmitter RT-173/ ARC-33. 
The r.eceiver-transm1tter is divided into a number 
of sectional components, two of which are of im
portance to us: 

a. The monitor chassis, which contains all the 
crystal circuits for controling the variable
frequency oscillator. 

b. The r-f head, which contains the variable
frequency oscillator, the multiplier circuits, the 
1st i-f mixer, the sidestep oscillator, as well as 
the r-f amplifiers of the receiver and the power 
amplifiers of the transmitter. Also of importance 
to us are the relays which control the tuning 
motor. These are mounted on the main frame. We 
shall discuss the monitor circuits first, and then 
those in the r-f head. Except for occasional in
sertions and editing, the descriptions to follow 
are largely extracts from USAF Technical Order 
No. 12R2-2ARC33-2. 
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1-471. The monitor chassis in Radio Set AN/ 
. ARC-33 concerns only the frequency control of 
the variable-frequency oscillator and electronic 
control of the tuning-capacitor drive motor with 
its clutches. There are no other circuits involved. 

The detailed circuit descriptions of the mon
itor chassis are made with reference to the com
ponent symbols employed in the block diagram of 
figure 1-195 and the schematic diagram of figure 

1-196. With the exception of a coaxial connector 
for the r-f input from the variable-frequency 
oscillator, all external connections to the unit are 
made through a single connector, which is so 
arranged that connection automatically is made 
when the chassis is inserted in its proper place in 
the main frame. ' 

1-472. FIRST CRYSTAL OSCILLATOR. The 1st 
crystal oscillator is a single-frequency, funda
mental-mode, 833.333-kc oscillator ol the cathode
coupled Butler type. A selected harmonic of the 
oscillator is mixed with the frequency of the vari
able frequency oscillator in the 1st mixer. A dual 
triode tube, V401, is employed as the oscillator 
tube, which has two output connections. Section A 
is tuned to the 5th harmonic of the crystal and 
feeds the grid of frequency multiplier V 403B. 
The plate output of the grounded-grid oscillator 
section B is coupled through capacitor C407 to 
the harmonic generator grid. The crystal unit, 
which is of the type CR-28/U, is mounted in a 
type HD-54/U crystal oven. The oven employs 
two heaters and thermostats, one heater being 
used to bring the temperature quickly up to the 
operating level, whereas the other, which has a 
lower wattage, is used to maintain constant oper
ating temperature. In order to check the oscillator 
for propei: operation, a test connection for meas
uring rectified grid current is brought out to test 
socket X412. The stability of the final transmitter 
frequency is more dependent upon the stability 
of this oscillator than upon that of any of the 
others. The reason is that the 1st crystal oscillator 
controls a greater perc,:!ntage of the final fre
quency, especially in the high band, than do the 
other oscillators. This can readily be seen if we 
visualize the final frequency as being synthesized 
by adding together the crystal-oscillator frequen
cies in the simplified block diagram of figure 1-193. 
The key function of this oscillator is the reason 
why the highly stable Butler circuit is employed. 
1-473. HARMONIC GENERATOR. The function 
of harmonic generator V 403A is to produce any 
selected harmonic of the first crystal oscillator 



~ ,. 
g 
n 
-4 
;,a 

g: 
I -Ill 
0, 

s 

15.125 MC 
TO • 

2NO MIXER 

V802 

VIIO 

1ST l•F 
AMPLlflER 

15.325 
MC 

IMIIAILE FREQUENCY OSCILLATOR 
LOW·FREOUENCY BAHO 

17.472916 TO U. 714M3 MC 
HIGH-FIIEOUt:NCY IIANO 

U.122916 TO 32.047911 MC 

I 

V812 Vll3 

RECEIVER 

1ST I 12ND R·F 
RECEIVER ,. • AMPLIFIER 

MIXER 225-399.9 

209,675 
TO 

384.575 

\1811 

DOUBLER 
209.675 

TO 
384,515 

MC 

I TRIPLER 

I 52.41175 

I ,,1°,75 
MC 

104.8375 
7o4 
192.2875 

MC 

~ 
DOUBLER 
104.8375 

TO 
192.2875 

MC 

veo~ 
SIDESTEP 
CRYSTAL 

OSCILLATOR 
7.6625 MC 
ICR•II/U) 

MC 

V806 1181)7 

AMPLIFIER DOUILER 
112,500 221.000 

TO TO 
119.95 3".900 

MC MC 

V814 

RECEIVER 
I ST R-F 

AMPLIFIER 
225·399.9 

MC 

FINAL RF 
AMPLIFIER 
225.000TO 

319.900 
MC 

I 
--'-

I I I I I 
_j_ --1 -- .L_ __L - --'-

TUNING 
CAPACl'l'Ol'I 

DRIVE 
MOTOR 

REACTANC:£ 
...._ __________________________ .... 

r-
1 

V402 I 
I 

.--~---, ,------, 

I 
I 
I 

ISOLATION 
AMPLIFIER 

V40I 

1ST 
CRYSTAL 

OSCILL4TOR 
0.833333MC 

ICR·28/UI ---,--

I 5X0,833333MC 

I 
L_ 

!ST MIXER 

HARMONIC 
GENERATOR 
3.33333 MC 

4.116667 MC 
UlOOOOOMC 
5,8333:UMC 
7.llOOOOOMC 
8,3331133 MC 
9.166667 MC 

I0.000000 MC 
10. 833333 MC 

V403 

FREOUE'NCY 
MULTIPLIER 
2XINPUT• 

8.333333 MC 

8ANOPASS 
FIL:rER 

12.t TO 12,9 
~ 

BANDPASS I 1 

V404 

IANDPtllSS 

OR 

tJ,-------, I 

FILTER 1-e,..1 2ND 
I 20.4 '11> 21.2 1 I MIXER I 
L __ .,!£, __ J L--,---J 

DOTTED BLOCKS INDICATE 
HIGH BAND CIRCUIT 

2ND 
BANDPASS 

FILTER 
i2,I TO 12,9 

MC 

TUI£ 

BANOPASSH BANDPASS 
FILTER FILTER 

8.8~9-0 5.I T05,2 
MC 

~-~~--V406~-----'------
2ND 

CRYSTAL 
OSCILLATOR 
3.U333 MC 

3.400000 MC 
3.5.u7MC 
3.733333 MC 
3.90000() IIIC 

ICR•27/Ul 

3RD 
CRYSTAL OSCILLATOR 

3.190000 MC 3.7Sl3U MC 
J.1666&7 MC 3,750000 MC 
J.683JH MC 3.71HH7 lilC 
3. 700000 MC 3, 783513 lilC 
3.711H7 MC 3.800000 MC 

ICR-27/U) 

figure 1-194. Frequency diagram of frequency-control system in Radio Set AN/ARC-33 

ANTENNA 
225.000 

TO 
399.900 

MC 

MOTOR 
CONTROL 

REUY 
CIRCUITS ,----.-

V4II 

MOTOR 
CONTROL 

AMPLIFIER 

V409 

DISCRIMINATOR 

V410 

4TH 
CRYSTAL 

OSCILLATOR 

,.11!917 MC 
5.181250 MC 
ICR•27/UI 

l 
I 
I 
I 

__ J 

n"' .. . 
'<,.. ... -0 ;;· 
-::s 
o-.. 
£: 
0 
0 .. .. 



1$71'111. 
esc 
IS 

litltMI 

/ 
/ 

-.,. 1-FIIPI 

/ 
/ 

/ 

/ 

TtlH• 
UUT tmAU 
II IIAII FM 

Section I 
Crystal Oscillators 

UID IISS 
fllJEI 
lJ TU.t 

* 

lffll -atflfl 
U&$1MII 

-•l• Ttl 
Ul.51 
¥481 

fOIIITII 
xmesc 

,INTO 
¥410 

/ / / 
/ / / 

S£lECTII ... 
tlOIITIOI. 
IEWS 

SELECTOI 101011 
l SIITCI Nm 

IIECIUISII 

/ / // ___ _/ ____ ___/_ - - __ ..../ 

Figure 1-195. Monitor chassis. Block diagram of a-f-c system in Radio Set AN/ ARC-33 

output from the 4th to the 13th, inclusive. The 
selected harmonic is fed to the 1st mixer to be 
heterodyned with the frequency from the vari
able frequency oscillator. Harmonic selection is 
achieved by capacitance tuning the primary and 
secondary of the harmonic generator output 
transformer T401 to the desired harmonic fre
quency. The switching is accomplished by 10-
position rotary switches S403A and S403B, 
which are driven by the selector motor through 
a harmonic generator clutch. These switch('S 
merely select the proper fixed capacitors for tun
ing the primary and secondary winding to the 
desired harmonic of the' 833.333-kc fundamental. 
1-474. R-f input from the 1st crystal oscillator is 
fed to the harmonic generator tuoe, V-I03A, 
through coupling capacitor C407. A grid bias far 
below cutoff is pmvided by grid resistor R407 in 
order to ensure an output rich in harmonics. The 
primary and secondary windings of transformer 
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T401 are permeability tuned for alignment at the 
lowest (4th) harmonic. The highest frequency, 
which is the 13th harmonic, is determined by 
capacitors C418 and C119 across the primary and 
C420 and C421 across the secondary. Capacitors 
C418 and C421 are trimmers for alignment at 
the highest frequency. The selection of all har
monics, up to but not including the 13th, is 
accomplished by switching in the proper fixed 
eapacitor C.108 through C417 across the primary 
of transformer T-101, and C222 through C4:n 
across the secondary. For the lowest harmonic, 
C416 and C417 for the pl'imary and c,iao and 
C-131 for the seconclarr are connected in parallel. 
For the highest harmonic, no auxiliary capacitor 
is switched into the cil'cuit. For proper operation 
of the monitor, it is necessary that the input level 
of the 1st mixer be approximately the same for 
each selected harmonic. This is accomplished by 
selecting a grid bias foi· the harmonic generator 
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which causes the output level to vary inversely 
with frequency under a constant plate load im
pedance. Then, by maintainiug the "Q" of the 
transformer T401 windings constant at all se
lected frequencies, the resultant plate load im
pedance of tube V403 can be made to vary directly 
with frequency because of the increasing induc
tance/capacitance ratio. The resultant voltage 
across the T401 transformer windings, therefore, 
is essentially constant regardless of the harmonic 
selected. 
1-475. FIRST MIXER. The 1st mixer tube, V402, 
combines the output of the harmonic generator 
with the (>Utput frequency of the variable fre
quency oscillator (vfo) whose frequency is to be 
controlled by the monitor circuits. The 1st mixer 
output consists of the difference frequency be
tween the selected harmonic generator frequency 
and the v-f-o frequency, the latter frequency al
ways being the higher. Input from the harmonic 
generator is fed directly to the control grid, 
whereas the input from the vfo, which enters the 
monitor chassis through connector J401, is fed 
from isolation amplifier V 402A to the cathode of 
the 1st mixer through coupling capacitor C432. 
Output coupling is provided by bandpass coil 
assembly Z401, which consists of a low-band cir
cuit and a high-band circuit. The bandpass selec
tor relay selects the proper circuit of bandpass 
coil assembly Z401. The re&son for using two 
bandpass circuits is that the broad frequency 
range of the radio set makes it necessary to divide 
the range into two smaller ranges. The band
determining factor is the selection of the 1st 
digit of the desired channel frequency at the con
trol panel. The control panel switch energizes 
the band selector relay when the 1st digit is 2; 
that is, when the antenna frequency is to be less 
than 300 me. For antenna frequencies of 300 me 
and above, the band relay is unenergized. Coil 
assembly Z401 is designed to pass a band from 
approximately 12.1 to 12.9 me and a qand from 
approximately 20.4 to 21.2 me. Because of the use 
of two bandpasses at the 1st mixer output, each 
of the harmonic generator selected output fre• 
quencies is used twice, once in each band. 
1-476. BANDPASS AMPLIFIER. The bandpass 
amplifier, V 404, is an amplifier for the 1st mixer 
output on the low-frequency band and is used to 
improve the bandpass characteristics of the cir
cuit. This stage is unconventional inasmuch as it 
also functions as a 2nd mixer, the operation of 
which is described in the following paragraph. 
The plate load consists of transformer T402, 
which is tuned to the same frequency band as the 
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low band of Z401. The bandpass amplifier is 
capacitance-coupled through capacitor C443 to 
the number one grid of the 3rd mixer, V405. 
1-477. SECOND MIXER. The 2nd mixer stage 
utilizes the same tube elements of V 404 as are 
used when the tube is operated as a bandpass 
amplifier. However, this dual usage does not occur 
simultaneously. Tube V 404 functions as a 2nd 
mixer only when the radio set operates in the 
high band of the frequency range. The 2nd mixer 
combines the 1st mixer output frequency with the 
10th harmonic of the 1st crystal oscillator fre
quency. The output consists of the difference 
frequency, where the 10th harmonic frequency is 
always lower than the output frequency of the 
1st mixer. Note that the reduction of the 1st 
mixer output frequency by an amount equal to 
the 10th harmonic of the 1st crystal oscillator 
frequency is equivalent to extending the harmonic 
generator range from the t:~th to the 23rd har
monic and eliminating the high band of bandpass 
coil assembly Z401. Input to the 2nd mixer from 
the high-band bandpass filter is fed to the control 
grid along with the input from frequency multi
plier V 403B. The plate load consists of trans
former T402, which is tuned to pass a band from 
12.1 to 12.9 me. The desired band width for the 
transformer is obtained through the use of load
ing resistors R418 and R419. Transformer T402 
is the same plate load circuit for the 2nd mixer 
as is used when the stage operates as a bandpass 
amplifier. 
1-478. FREQUENCY MULTIPLIER. The fre
quency multiplier, V403B, is fed with the 5th 
harmonic output from the 1st crystal oscillator. 
The output transformer, T406, is tuned to 8.33333 
me, which is the 2nd harmonic of the multiplier 
input frequency. Thus, V 403B is a frequency 
doubler and feeds its output, the 10th harmonic 
of the 1st crystal oscillator frequency, to the 
control grid of the 2nd mixer, V 404. When the 
radio set is operated in the low band of its fre
quency range, no output is derived from the fre
quency multiplier because plate voltage is removed 
from tube V403B. The application of plate voltage 
is controlled by the band selector relay. When the 
band selector relay switches the high bandpass 
filter into the 1st mixer circuit, it also applies 
voltage' to the plate of the frequency multiplier 
so that an 8.33333-mc signal is fed to the 2nd 
mixer. The frequency multipliel' is capacitively 
coupled to the controi grid of the 2nd mixer 
through capacitor C457. 
1-479. SECOND CRYSTAL OSCILLATOR. The 
2nd crystal oscillator provides a selection of any 
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one of five crystal-controlled frequencies by means 
of crystal switching. The crystal-controlled out
put frequency is' fed to the suppressor grid of the 
3rd mixer to be mixed with either the 2nd mixer 
or the bandpass amplifier output frequency. The 
oscillator circuit utilizes one half of the duplex 
triode tube V 406 as a grounded-plate Pierce 
oscillator. R-f output is taken from the cathode. 
Each of the five crystal units, which are of the 
CR-27 /U type, has a separate trimmer so that 
each selected 2nd crystal oscillator frequency can 
be adjusted exactly. All of the crystal units with 
their trimmers are enclosed in a single oven 
(Bendix Radio type L205628) which is kept at 
approximately 75°C ( 167°F) by a thermostat
controlled heater. A booster heater and thermo
stat are provided in addition for quick warmup. 
In order that the oscillator operation may be 
checked, a test connection from the grid circuit 
is brought out for checking rectified grid current 
at test socket X412. 
1-480. THIRD MIXER. The circuit of the. 3rd 
mixer, V405, is similar to that of the 2nd mixer 
except that the signal voltage from its heterodyne 
crystal oscillator is injected at the suppressor 
grid. The 3rd mixer output circuit is tuned to a 
center frequency of 8.9 me and is designed to pass 
a band approximately from 8.8 to 9.0 me. The 3rd 

· mixer combines the output frequencies of either 
the 2nd mixer or bandpass amplifier and the 2nd 
crystal oscillator, the output frequency of the 
former two always being the higher. ·The 3rd 
mixer output, which is the difference frequency, 
is fed from the secondary of transformer T403 
to the 4th mixer through capacitor C449. 
1-481. THIRD CRYSTAL OSCILLATOR. The 
3rd crystal oscillator, the V 406B circuit, is of the 
same design as the 2nd crystal oscillator except 
for the operating frequencies. The crystal units, 
which are of the CR-27 /U type, are divided into 
two groups of five each. AU are used throughout 
the total frequency range of the radio set. The 
3rd crystal oscillator employs the second half of 
the same tube that is used for the 2nd crystal 
oscillator. The 10 crystal units with their trim
mers are housed in a 13-position oven (Bendix 
Radio type N205651), of which one position is 
not used. The other two positions are used to 
mount the two crystals of the 4th crystal oscil
lator. The oven is thermostatically controlled at 
75°C ( 167°F). A separate booster heater and 
thermostat are provided for quick warmup. 
1-482. FOURTH MIXER. The 4th mixer, V407, 
is identical to the 3rd mixer and operates in the 
same manner. The 4th mixer output circuit is 
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designed to pass a band of approximately 5.1 to 
5.2 me. In the 4th mixer are combined the output 
frequency of the 3rd mixer and that of the 3rd 
crystal oscillator, the former frequency always 
being the higher. The difference frequency is 
selected by the tuned plate transformer and is 
inductively coupled into the discriminator circuit. 
1-483. DISCRIMINATOR. The purpose of the 
discriminator, V409, is to indicate a deviation in 
phase or frequency between its two inputs. One 
of these inputs is obtained from the 4th crystal 
oscillator and is used as the reference signal. The 
other discriminator input is derived from the 4th 
mixer output, and it is the deviation in phase of 
this signal from that of the reference signal that 
is to be indicated by means of the output voltage 
across R430 and R431. The magnitude of this 
discriminator voltage indicates the extent of the 
deviation, whereas the polarity indicates the di
rection of the deviation. The circuit design is 
similar to the type employed for frequency
modulation (FM) receivers, except that in this 
case the reference voltage is obtained from a 
separate reference oscillator instead of a parallel 
resonant tank circuit. The voltages applied to th~ 
discriminator are shown in figure 1-197. E, is the 
input from the 4th mixer and Eu is the reference 
voltage from the 4th oscillator. To simplify the 
discriminator explanation, E", insofar as it adds 
vectorially with E, to form the r-f voltages across 
the two diodes, is best interpreted in terms of two 
equal and separate voltages 180 degrees out of 
phase. One is E~,., the r-f voltage at pin 2 with 
respect to point B; the other is Ern, the r-f volt
age at pin 7 with respect to point B. Assuming 
that the bypass capacitors C452 and C453 offer 
zero impedances to the r-f signals, pins 1 and 5 
and point A are all at r-f ground potential. Thus, 
the r-f voltage ( E~) of plate pin 2 with respect 
to cathode pin 5 is the same as the voltage of 
pin 2 with respect to point A. Similarly, E1, the 
r-f plate voltage of the second diode, is equal to 
the voltage of pin 7 with respect to point A. Now, 
Et and E 7 have one voltage component in common, 
which is E .. the voltage of point B with respect 
to point A. Thus, Et and E1 are equal to the re
sultants, respectively, obtained by adding vector
ially to the common voltage E 1 the voltages E 211 

and Em. If we assume that C452 charges to the 
peak of E~ and that C453 charges to the peak of 
E 7, the d-c polarities will be as indicated in figure 
1-197 (D), where point A is shown as negative 
with respect to the two cathodes. The d-c output 
equals ( E~ - E 7), where both voltage symbols 
represent the positive peak magnitudes only. The 
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,)utput is positive or negative according to 
whether E 2 is greater or less than E,, respec
tively; and this is dependent, respectively, upon 
whether E1 lags or leads the zero-output position, 
which is the 90-degree phase displacement from 
ER that is shown in figure 1-197(A). Upon exam
ination of the discriminator diagram it can be 
seen that the application of either of the input 
voltages alone does not develop a discriminator 
output, since in each case E 2 and E 7 will equal 
each other, and hence equal currents will flow in 
opposite directions through the two halves of dis
criminator load R430 and R431. Also, it can be 
seen from the vector diagram (A) that, if the 
two discriminator input voltages are exactly 90 
degrees out of phase. the resultant voltages ap
plie<l to the diode plates are equal, thus producing 
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zero discriminator output. If, however, the vari
able frequency oscillator sh'ould vary in phase, the 
resultant voltages applierl to the rliscriminator 
plates are unequal, as shown in vector diagrams 
(B) and (C). This results in a discriminator out
put voltage whose value and polarity depend upon 
the magnitude and direction, respectively, of the 
phase deviation. If there is a frequency deviation, 
the phase of the 4th mixer output, E., rotates 
completely around the 4th crystal oscillator out
put, E 11 , with a consequent a-c voltage appearing 
in the discriminator output. The frequency of 
this ac is equal to the difference between the two 
discriminator input frequencies. 

1-484. Discriminator output is applied to the 
tuning-motor-contl'Ol amplifie1· an<l to the reac-
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{SOCKET PIN 71 

ll- IN ACTUAL PRACTICE THE V· F·O FREQUENCY CONTROL 
CIRCUITS ARE SUCH THAT "ON FREQUENCY" 
DISCRIMINATOR OUTPUT IS APPROX +5 VOLTS. 
THUS, IN NORMAL OPERATION, VECTOR E1 WILL BE 
TILTED SLIGHTLY TO THE RIGHT OF ITS 90" POSITION 
SHOWN IN FIGURE !Al AT LEFT. 

OUE TO THE ACTION OF THE OIOOES ANO THEIR LOADS, 
THE DISCRIMINATOR RESULTANT 0-C OUTPUT IS EOUAL 
TO THE DIFFERENCE IN MAGNITUDE BETWEEN Ez -ANO 
E7 (IMAX E21-IMAx Erl). 

Figure 1-197. Discriminator operation as a function of the phase difference between the input voltages 
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tance tube shunted across the variable frequency 
oscillator. When the variable frequency oscillato:r 
approaches the desired operating frequency, a 
point is reached when the discriminator output 
frequency becomes equal to or less than the maxi
mum frequency at which the reactance tube can 
respond. At this point the reactance tube imme
diately locks the variable frequency oscillator 
exactly to its correct frequency. When this occurs, 
the discriminator output is de and is proportional 
to the phase difference between its two input 
voltages, which difference is, in turn, proportional 
to the amount of "pull" exerted by the reactance 
tube. This d-c control voltage is fed to the motor
control amplifier, V411, and causes the tuning 
motor to drive the variable frequency oscillator 
tuning capacitor to that point which eliminates 
excessive pull by the reactance tube. The circuit 
design is such that the equilibrium point corre
sponds to a discriminator output of approximately 
5 volts positive. Normally it would be assumed 
that the "on-frequency" point would be reached 
when the discriminator output dropped to zero, 
which would t>Ccur when the two input signals 
were exactly 90 degrees out of phase. The zero-
voltage state is not used, however, in order to 
avoid ambiguity in identifying the on-frequency 
condition and to simplify the control circuit by 
having an equilibrium control voltage of definite 
magnitude. For example, zero output not only 
occurs at each of the two (plus and minus) 90-
degree phase conditions, but also occurs when the 
variable frequency oscillator is so far off fre
quency that there is no input from the 4th mixer, 
or if one or both of the input voltages fails, or 
when the two input frequencies are different and 
the discriminator records the best frequency. 
Thus, a plus 5-volt reference is used, and the 
control circuits are so biased that this control 
level establishes the on-frequency condition. The 
ac which the discriminator develops before the 
reactance tube "pull-in" point is reached, is pre
vented from affecting the motor-control amplifier 
by the low-pass resistance-capacitance filter, 
R451 and C445A. 

1•485. By employing a phase-sensitive discrim
inator, it is possible to feed a correction voltage 
to the control circuits before an actual frequency 
deviation occurs, since a frequency deviation, un
less it is an instantaneous, discontinuous jump, is 
first indicated as a phase deviation. Therefore, 
no frequency error occurs except that which may 
be due to the reference crystals themselves. All 
small and rapid frequency shifts of the variable 
frequency oscillator are corrected by the reactance 
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tube. Larger and slower drifts are corrected by 
the motor-control amplifier and the tuning motor. 
An extremely large and sudden frequency jump 
of the variable frequency oscillator which takes it 
out of the range of the reactance tube causes the 
entire tuning sequence to recycle. However, this 
does not occur during normal operation. To aid 
in discriminator alignment and test, two test 
points are brought out to pins of test socket X412. 
One of these, pin 9, makes it possible to measure 
the total discriminator output. The other, pin 11, 
is connected to the load center-tap for checking 
the discriminator operation. 

1-486. FOURTH CRYSTAL OSCILLATOR. The 
4th crystal oscillator is used to control the oper
ating frequency of the discriminator and thereby 
has final control of the exact frequency of the. 
variable frequency oscillator. The 4th crystal 
oscillator can be switched to either one of two 
type CR-27 /U crystal units, whose frequencies 
are spaced 8.333 kc apart. This spacing is equal 
to one-twelfth of the channel spacing of 100 kc. 
Thus, it is the spacing of the 4th crystal oscillator 
frequencies that determines the channel spacing. 
For maximum stability the crystal units are 
mounted in the same crystal oven that houses 
the crystals of the 3rd crystal oscillator. Crystal 
selection is controlled by a selector switch on the 
main control panel. The selection is determined 
by the choice of the 4th digit of the channel 
frequency. 

1-487. The 4th crystal oscillator circuit employs 
one half of a duplex triode tube, V410, which is 
connected as a radio-frequency grounded-plate 
Pierce oscillator, with the circuit designed in a 
manner similar to those of the 2nd and 3rd crystal 
oscillators. The output is taken from the ·cathode 
and coupled through C471 to the grid of the other 
half of tube V410, which is operated as a cathode 
follower. The output of the cathode follower is 
inductively coupled into the discriminator circuit 
through transformer T405. The purpose of the 
cathode follower is to isolate the loading effects 
of the discriminator from the 4th crystal oscil
lator. As a check on the 4th crystal oscillator 
operation, a test connection for rectified grid cur
rent measurement is brought out to test socket 
X412, pin 7. 

1-488. CLUTCH CONTROL TUBE. The purpose 
of the clutch control tube V 408, is to shift the 
r-f head tuning drive from the medium-speed 
clutch to the low-speed clutch for fine tuning of 
the exact channel frequency. Whenever the fre
quency of the variable frequency oscillator, after 
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being fed through the four mixers, comes within 
range of the discriminator input tuning at trans
former T404, the tuning should be shifted into 
low speed. Thus, by coupling part of the discrim
inator input through capacitor C464 to clutch
control rectifier V 408A and amplifying the recti
fier output through V 408B, a. control voltage is 
obtained which is used ito operate the clutch
control relay. The clutch-control relay is mounted 
on the main frame and has its coil connected in 
series with the plate of clutch-control amplifier 
V 408B. The relay is energized when the tube grid 
receives no excitation. When a signal is fed to the 
discriminator from the 4th mixer, a portion of 
the signal is fed through capacitor C464 and 
rectified in diode-connected. tube V 408A. The re
sulting current flow in resistor R443 causes the 
ungrounded end to become more negative. This 
negative voltage is fed to the grid of the clutch
control amplifier through low~pass filter R445 
and C463, cutting the tube off. This in turn 
de-energizes the clutch-control relay and places 
the low-speed clutch in operation. It should be 
noted here that the over-all tuning range of the 
radio set is divided into two nearly equal bands 

• and that while the variable frequency oscillator 
tuning is being driven through the unused band 

· a spurious frequency may pass through to the 
discriminator and the clutch-control tube. In this 
case, however, even though the clutch-control 
relay is de-energized, the tuning remains in high 
speed because of a lockup circuit. 
1-489. MOTOR-CONTROL AMPLIFIER. The 
motor-control amplifier, V411, is a d-c amplifier 
whose purpose is the control of a reversible tun
ing motor in accordance with a d-c control voltage 
from the discriminator. The discriminator output 
voltage is fed to the grid through the low-pass 
resistance-capacitance filter R451 and C445A so 
that the ac, which appears in the discriminator 
output as the channel frequency is being tuned, 
does not mfluence the operation of the amplifier. 
As its plate load, the motor-control amplifier 
works into two relay coils in series. These are 
called the high and low discriminator rel,a:ys. The 
two relays are mounted on thl.'! main frame. The 
high discriminator relay is designed to "pull in" 

at· approximately 9 ma a,nd to "drop out" at ap
proximately 6 ma. The low discriminator relay is 
designed to pull in at approximately 5 ma and to 
drop out at approximately 3 ma. The plate current 
of the motor-control amplifier is so adjusted that, 
with a plus 5-volt "on-frequency" output from the 
discriminator, approximately 5.5 ma plate cur
rent flows. This is sufficient to energize the low 
discriminator relay but not the high one. The 
contacts of the low discriminator relay are so con
nected that wnen the relay is energized the tuning 
motor (mounted in the r-f head) is de-energized. 
If the frequency of the variable frequency oscil
lator should tend to drift too low, the discrimina
tor voltage controlling the amplifier becomes more 
positive, increasing the amplifier plate current 
and thereby energizing both relays. This has the 
effect of causing the tuning motor to turn in a 
direction that diminishes the tuning capacitance 
and hence raises the frequency. If the variable 
frequency should tend to drift too high, the plate 
current of the motor-control amplifier decreases 
to a value below 3 ma and both relays are de
energized. This has the effect of causing the 
tuning motor to turn in the opposite direction, so 
that the frequency of the variable frequency oscil
lator is decreased. Note that in order to keep the 
motor-control amplifier bias constant, regardless 
of plate current flow, a positive 6-volt cathode 
bias is obtained from the d-c drop across the 
heater, rather than from the drop across a cath
ode biasing resistor. 
R-F Head 

1-490. The r-f head contains all the main channel 
transmitter and receiver r-f circuits including the 
reactance tube, the tuning capacitor drive mech
anism, and certain tuning control circuits. A block 
diagram is shown in figure 1-198 and a schematic 
diagram is shown in figure 1-199. Beginning with 
the variable frequency oscillator, we shall discuss 
first the transmitter circuits and then the re
ceiver circuits. 

1-491. VAR/ABLE FREQUENCY OSCILLATOR 
AND TRIPLER. The variable frequency oscilla
tor employs an electron-coupled Hartley circuit. 
The v-f-o frequency is given by the formula: 

v-f-o frequency transmitter output freq - receiver 1st intermediate freq 
12 

The screen grid of the v-f-o tube, V802, is the 
anode of the oscillatory circuit. The plate circuit 
is tuned to three times the grid frequency, thereby 
tripling in this tube. Coupling capacitor C907 
from grid inductor 1801 feeds a small amount of 
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r-f energy to the frequency-control circuits in the 
monitor. A reactance tube is shunted across the 
oscillator tank for fine frequency control. Oscilla
tor-tripler output is capacitively coupled to the 
untuned grid of the doubler tube, V803. 
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Figure 1-198. R-f head. Bloclc diagram of main channel transmitter and receiver. r-f circuits in Radio Set 
AN/ARC-33 

1-492. REACTANCE TUBE. The reactance tube, 
V801, is a device that represents a variable and 
controllable reactance shunted across the tuned 
grid circuit of the variable frequency oscillator. 
Its purpose is to convert d-c control voltage from 
the monitor into a i;mall frequency variation of 
the variable frequency oscillator. Radio-frequency 
voltages from the oscillator are coupled through 
capacitor C806 to the plate of the reactance tube 
and directly to a network made up of capacitors 
C804 and C818, resistors R801 and R804, and 
the grid-cathode capacitance of the tube, C~. 
Capacitor C804 is a blocking capacitor, so that as 
far as the a-c functioning of the tube is con
cerned, it need not be considered. Cathode bypass 
capacitor C803 is sufficiently large for the cathode 
to be considered at r-f ground potential. Resistor 
R802, inductor L829, and capacitors C801 and 
C802 provide a de-coupling network and filter 
through which the d-c control voltage is applied 
to the control grid without shunting its r-f input 
impedance. Resistor R807 is the plate feed com
ponent. Resistors R801 and R804 and capacitor 
C818 in conjunction with the grid-cathode capaci-
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tance, c., form a phase-shifting network such that 
the r-f voltage applied to the grid lags the oscil
lator voltage input to the network by 90 degrees 
approximately. Since the plate current of react
ance tube V801 is in phase with the grid voltage, 
the plate current flow lags the oscillator r-f volt
age applied to the plate by approximately 90 
degrees. This appears to the variable frequency 
oscillator as an inductive reactance since the cur
rent in an inductor lags the applied voltage by 
90 degrees. By controlling the d-c bias applied to 
the grid, it is possible to control the amplitude of 
the current, and thus the magnitude of the effec
tive inductive reactance shunting the oscil1ator 
tank. In this way, the frequency of the variable 
frequency oscillator, can be controlled within a 
narrow range by means of a d-c control voltage. 
A positive control voltage increases the reactive 
current in the tube and thereby decreases the 
effective inductive reactance across the oscil1ator 
tank. The effect, therefore, is to cause an increase 
in the frequency. A negative-going control voltage 
has the opposite effect. The reactance tube is 
biased by cathode resistor R806 by an amount 



Section I 
Crystal Oscillators 

that permits normal "on:-frequency" oscillator 
operation when the control voltage from the mon
itor is approximately plus 5 volts. 
1-493. FIRST DOUBLER. The first doubler of 
the r-f head is a conventional grid-leak-biased 
frequency multiplier. The stage employs tube 
V803 with an output circuit tuned to twice the 
input frequency. The plate circuit consists of two 
inductors in parallel in order to increase their 
sizes and make it possible to employ coiled induc
tors rather than a more space-consuming linear 
line. The tuning is ganged with the other r-f 
tuned circuits as shown in the schematic diagram. 
Radio-frequency energy used for heterodyne oscil
lator injection into the main channel receiver 1st 
mixer is taken off at a tap of plate tank L802. 
'1°"he variable frequency oscillator-tripler, the re
actance tube, and the doubler are continuously 
supplied with plate and screen voltages since 
these circuits are employed in both transmit and 
receive operation. From the latter stage to the 
antenna, however, plate and screen voltages are 
removed from the transmitter tubes during re
ceive operation. 
1-494. TRANSMITTER MIXER. It is in the 
mixer that a 7.6625-mc signal from the sidestep 
oscillator is added to the first doubler output to 
make the mixer output frequency exactly one half 
of the transmitting antenna frequency. (Remem
ber that 7.6625 me is one half of the 1st receiver 
intermediate frequency of 15.325 me.) A conven
tional mixer circuit employing tube V805 is used 
here, with the side-step oscillator voltage being 
injected at the control grid through capacitor 
C821 and with the doubler output being fed to 
the control grid through capacitor C820. The 
mixer piate circuit is tuned to the sum frequency 
by means of a doubler-inductor arrangement. One 
of the inductors is wound with concentric cable, 
which allows the tuning capacitor rotor and the 
cold ends of the inductors to be returned to 
ground. The center conductor is connected to the 
plate on the hot end and is bypassed to ground 
on the cold end by capacitor C825. Plate voltage 
is supplied to tube V805 through resistor R819. 
1-495. SIDESTEP CRYSTAL OSCILLATOR. 
The sidestep crystal oscillator employs pentode 
V804, connected as a triode and operating on a 
single frequency of 7.6625 me. The circuit is 
arranged as a Pierce oscillator with the crystal 
connected directly from the plate to the grid of 
the oscillator tube. A type CR-18/U crystal unit 
is employed. Since this oscillator controls only a 
small percentage of the final transmitter fre
quency, its normal operating stability is sufficient 
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without the use of thermostatically controlled 
temperature for the crystal unit. Note that an 
18-µp.f capacitor is shunted directly across · the 
crystal unit and that no externally connected 
plate-to-ground capacitor is used. The 18 µpf rep
resents 60 per cent of the required load capaci
tance for the type CR-18/U crystal unit. With 
the grid-to-ground capacitance probably 8 or 10 
,,.,,.f greater than the 68 ,,.,,.f of the externally con
nected grid-ground capacitor C822, it appears 
that the circuit has been designed to provide a 
maximum output voltage consistent with the 
drive-level and load-capacitance requirements of 
the crystal unit, rather than for maximum fre
quency stability. The oscillator is fed plate voltage 
through the voltage-dropping resistor R816. The 
oscillator output is capacitively coupled from the 
plate of the oscillator tube to the control grid of 
mixer tube V805 through C821. Plate voltage is 
derived from the plus 200-volt transmitter sup
ply, so that the tube operates only when the radio 
set is turned to the transmit position. 
1-496. AMPLIFIER. This is a conventional grid
leak-biased r-f amplifier employing pentode V806. 
The circuit acts as a direct amplifier with the 
output circuit tuned to the same frequency as the 
input circuit. The input is capacitance-coupled to 
the preceding mixer stage through· capacitor C828 
and the output is capacitance-coupled to doubler 
V807 through capacitor C832. The amplifier tuned 
output circuit is a double-inductor tank of the 
same type that is used in the plate circuit of the 
transmitter mixer. 
1-497. TRANSMITTER DOUBLER. The doubler, 
V807, is a grid-leak-biased stag~ that employs a 
cavity-tuned plate circuit tuned to twice the input 
frequency. A pencil triode tube is used because 
its small size permits superior u-h-f operating 
characteristics. 

1-498. INTERMEDIATE POWER AMPLIFIER. 
The intermediate power amplifier (IPA) employs 
a lighthouse tube, V808, in a grounded-grid cir
cuit with cavity tuning of the plate. The cavity is 
tuned to the doubler output frequency, providing 
an IP A output frequency equal to the transmitter 
antenna frequency. Radio-frequency input is 
coupled magnetically from the output of the pre
ceding doubler tube, V807, through coupling loop 
L809, which applies rf between ground and the 
IP A cathode through capacitor C838. Concentric 
inductor L810 is inserted in the heater circuit to 
make it at the same r-f potential as the cathode. 
Capacitor C838 also blocks the 12.6-volt d-c fila
ment potential from shorting to ground through 
the ground coupling loop L809. One heater con-
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nection and the cathode connection are common. 
The heater circuit is wired in series with the 
heater of the final amplifier so as to provide the 
required 12.6-volt tot.al drop across the entire 
circuit after passing through dropping resistor 
R833. A voltage divider composed of resistors 
R830 and R832 is connected between one side of 
the filament and ground. The grid return is con
nected to the tap to provide the proper negative 
bias voltage. These resistors are high in value so 
that they do not influence the heater voltage and 
current. IPA output is coupled to the final power 
amplifier input through an inductive coupling 
loop, L812, in the cavity. Since the final power 
amplifier is a grounded-grid r-f amplifier, it can
not be plate modulated 100 per cent unless the 
output of the exciting stage also is modulated. 
Therefore, to be able to modulate fully the final 
amplifier output, the plates of doubler V807 and 
IPA V808 are modulated by the same audio volt
age as the power amplifier. 
1-499. FINAL POWER AMPLIFIER. The final 
r-f power amplifier, V809, is similar in design 
and operation to the intermediate power amplifier. 
Grid bias for the final amplifier is derived from 
resistor R835. Resistor R834 supplies a cathode 
bias. Radio-frequency output to the antenna is 
coupled inductively to the cavity magnetic field 
by pickup loop L815 and is fed to the antenna 
receive-transmit changeover relay through a co
axial cable. The coaxial connector is mounted 
directly on the cavity assembly, 0802. To provide 
a sidetone voltage that is indicative of the trans
mission quality, the sidetone voltage is obtained 
from the final r-f output cavity through inductive 
coupling L814. This r-f voitage is rectified through 
the sidetone crystal rectifier, CR801, and applied 
to the i-f and audio chassis to be fed through the 
receiver audio system to the operator's headset. 
1-500. MAIN CHANNEL RECEIVER R-F CIR
CUITS. The main channel receiver includes two 
r-f amplifier stages, a mixer, a frequency doubler, 
and a 15.325-mc i-f amplifier. Both r-f amplifiers 
and the doubler are cavity-tuned. The doubler is 
included to multiply the output frequency of the 
first r-f-head doubler. By employing a heterodyne 
injection frequency contcolled by the same vari
able frequency oscillator that controls the trans
mitter frequency, perfect tracking between the 
transmitter and receiver tuning is possible. The 
i-f output is fed by coaxial cable to the second 
mixer and the 2.8-mi? intermediate frequency am
plifier on the i-f and audio chassis. 
1-501. FIRST R-F A.MPLIFIER. The first r-f 
amplifier, V814, is a grounded-grid cavity-tuned 
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amplifier with a shunt-fed plate. The cavity is 
similar to the cavities used in the transmitter sec
tion and operates in exactly the same way except 
that the amplifier tube is located outside of the 
cavity. Electrical connections are made through 
holes in the cavity walls. Tube V814 is tapped 
down on the cavity center column to prevent load
ing of the tuned circuit by the tube. The antenna 
input is also tapped down to match the character
istic impedance of the coaxial line. The grounded
grid circuit is effective in preventing coupling be
tween the input and output circuits, thus prevent
ing oscillations due to feedback through the tube 
capacitance. Also, the grounded-grid design with 
the cathode-injection input provides a more ctn
stant input impedahce over the frequency range. 
Two plate and two grid connections are provided 
on the JAN-6F4 tubes to make it possible to use 
shorter leads and to obtain better bypassing bal
ance, as is illustrated by the V814 grid connections 
to ground through capacitors C892, C893, C898, 
and C899. Examination of the tuned-cavity cir
cuits will show that only the first input cavity 
employs a capacitance connection, represented by 
C896. Since this cavity is not loaded by the plate 
capacitance of a vacuum tube, capacitor C896 is 
added in order for all three cavities to have sim
ilar tuning characteristics. Automatic-gain-control 
voltage, which is obtained from the i-f and audio 
chassis, is applied to the 1st and 2nd r-f stages 
and to the 15.325-mc i-f stage. 
1-502. SECOND R-F AMPLIFIER. The second 
r-f amplifier, V813, is similar to and operates in 
the same manner as the first r-f amplifier .. Its in
put is capacitance.coupled from the preceding 
stage through capacitors C889 and C890. Its out
put is coupled to the mixer through capacitors 
C876 and C884 and inductor L823. 
1-503. RECEIVER MIXER. The mixer, V812, 
employs the same type of tube as do the r-f ampli
fiers; however, in this case it is operated as a 
normal triode mixer with the r-f signal applied to 
the grid. Heterodyne oscillator injection voltage 
is coupled from the doubler cavity through capaci
tor C876 and coupling inductor L823 to the grid, 
in order to produce the desired 15.325-mc inter
mediate frequency. The plate circuit is bypassed 
at the plate connection by a small capacitor, C878, 
to ensure that no input signal r-f voltage appears 
in the plate circuit. As regards the much lower 
intermediate frequency, this capacitor merely 
forms part of the i-f transformer tuning capaci
tance. No automatic gain control voltage is ap
plied to the mixer. 
1-504. RECEIVER DOUBLER. In order to pro-
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vide the proper heterodyne injection frequency at 
the receiver first mixer without frequency multi
plication in the mixer, itself, it is necessary to 
include a doubler, V811, between the r-f head first 
doubler and the receiver first mixer. The doubler 
output is cavity-tuned to the received antenna sig
nal frequency minus 15.325 me, and is ganged to 
the main channel receiver r-f tuning. 
1-505. 1-F AMPLIFIER. The 15.325-mc i-f am
plifier, V810, is conventional in all respects with 
the possible exception of the suppressor injection 
of the automatic gain control voltage. By applying 
automatic gain control voltage to the suppressor 
grid, it is possible to keep the impedance of the 
signal grid-return circuit low, thus preventing 
paralysis of the amplifier on strong noise pulses. 
The i-f output transformer, T802, is designed to 
work into the low-impedance (52-ohm) coaxial 
cable through which the i-f output is carried to 
the second receiver mixer, located on the i-f and 
audio chassis. 
1-506. TEST POINTS. To facilitate testing of the 
r-f head, an 11-pin test socket is provided. Con
nections to the socket pins provide for measure
ment of plate supply voltages, mixer injection 
voltages, and grid drive. 
1-507. TUNING. All of the tuned r-f circuits of 
the transmitter and receiver that must be varied 
when changing channels, are ganged together and 
driven by a reversible tuning motor, B801. The 
drive is through a system of gears and any one of 
three clutches 0803, 0804, and 0805. A detailed 
description of the mechanical and switching de
sign of the tuning system is beyond our present 
assignment. 

The Collins Synthesizi1111 System 
1-508. An interesting approach to the problem of 
controlling many r-f channels with the use of only 
a few crystals is afforded by the frequency-control 
system employed in a number of the multichannel 
radio sets developed by the Collins Radio Com
pany. Fundamentally this system is a crystal
controlled multi-conversion superheterodyne cir
cuit when employed in radio receivers, and is 
equivalent to the same circuit operated in reverse 
when employed in radio transmitters. The receiver 
system is quite similar to the Bendix synthesizing 
system, except that the signal from the variable 
frequency oscillator is replaced by the antenna 
signal to which the r-f circuits are tuned and the 
discriminator is replaced by a final i-f stage. When 
operated in reverse for transmitter use, the sys
tem resembles somewhat the Plessey synthesizing 
system, except that the frequency dividers and 
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harmonic selectors of the Plessey system are re
placed by crystal osciJlators with banks of crystal 
units. We shall not discuss the Collins system fur
ther from a generalized point of view, but shall 
advance at once to the discussion of its applica
tion in two aircraft receiver circuits (Radio 
Receiver R-252A/ ARN-14 and Radio Receiver 
R-278/GR) and in the aircraft transceiver, Radio 
Set AN/ ARC-27. Since Radio Set AN/ ARC-27 
performs essentially the same function as does 
Radio Set AN/ ARC-33, described in the foregoing 
paragraphs, a study of the two circuits provides 
an interesting comparison of the two systems of 
frequency control and how they can be applied to 
achieve the same end. 
RADIO RECEIVER R-252A/ARN-14 
1-509. Radio Receiver R-252A/ ARN-14, a product 
of the Collins Radio Company, is a component of 
Radio Receiving Set AN/ARN-14. It is an air
borne navigation receiver that provides reception 
on any one of 280 channels spaced 100 kc apart 
between 108.0 and 135.9 me. A crystal-controlled 
double-conversion superheterodyne circuit is used 
to "de-synthesize" the incoming signal to a fixed 
intermediate frequency of 3.15 me. The 280 chan
nels are obtained from a total of 24 crystal units. 
Actually, this number of channels can be obtained. 
from a Collins synthesizing system employing a 
fewer number of crystal units, if a triple- rather 
than a double-conversion superheterodyne circuit 
is used. That is, if an additional oscillator, mixer, 
and i-f amplifier stage is inserted, the required 
number of crystal units becomes less. In this 
equipment, however, maximum economy in space, 
weight, and the over-all number of component 
parts clearly is achieved by increasing slightly the 
number of crystal units rather than by the addi
tion of a number of extra vacuum-tube circuits. 
The functional operation of the frequency-control 
system is indicated in the block diagram of figure 
1-201. Figure 1-200 shows the schematic diagram 
of the radio-frequency control circuits. With the 
exception of minor editing changes and technical 
insertions the circuit descriptions to follow are 
primarily extracts from USAF Technical Order 
No. 12R5-2ARN14-12. 
R-F Control Circuits 
1-510. One stage of tuned r-f amplification is used 
in Radio Receiver R-252A/ ARN-14. The grid and 
plate tank circuits of the r-f amplifier, V101, pass 
a 2-mc band of frequencies and cover the entire 
frequency range 108.0 to 135.9 me in 14 incre
ments. The output of the r-f amplifier is coupled 
to the grid of the 1st mixer V102. The Jst mixer 
receives its injection frequency from a three-stage 
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Figure 1-201. Schematic diagram of radio-frequency-control circuits of Radio Receiver R-252A/ARN-14. Only 
the 1st amplifier of the three-stage fixed 13.15 mcJ i-f amplifier circuit is shown. The automatic switching system 

is not shown 

exciter consisting of a crystal-controlled Butler 
oscillator-multiplier, Vl12, and an amplifier, Vl 11. 
The oscil1ator employs a bank of 14 type CR-23/U 
crystal units whose frequencies cover the range 
44.275 to 57.275 me in one-megacycle steps. The 
plate tank of the grounded-grid tube is tuned to 
the desired crystal frequency. Output from the 
osciJlator is inductively coupled from the plate 
circuit of the cathode follower to the input tank of 
amplifier Vlll. Both the input and output circuits 
of the amplifier are tuned to twice the osci11ator 
frequency. Thus, the injection frequencies fed to 
the 1st mixer cover the range of 88.55 to 114.55 
me in 14 two-megacycle steps. These injection fre
quencies, when mixed with the r-f signals in the 
range of 108.0 to 135.9 me, produce an intermedi
ate frequency in the range of 19.45 to 21.35 me. 
Note that the function of the 1st injection oscil
lator and multiplier is to generate 14 very high 
frequencies spaced 2 me apart so that by selecting 
the proper injection frequency, the 280 possible 
antenna frequencies within a 28-mc range can be 
reduced to 20 possible intermediate frequencies 
within a 2-mc range. Each of the 20 i-f channels 
handles 14 of the r-f channels. The output of the 
1st mixer is thus fed to the variable i-f amplifier, 
and thence to the 2nd mixer. The injection fre
quency for the 2nd mixer originates in an electron
coupled oscillator-doubler circuit. The oscillator is 
of the grounded-plate Pierce type and employs a 
bank of 20 type CR-18/U crystal units spaced 50 
kc apart in the 8.15-to-9.10-mc range. The screen 
grid of tube Vl 13 serves as the oscillator anode. 
The plate circuit is tuned to twice the oscillator 
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fundamental, so that the actual injection frequen
cies for the 2nd mixer are spaced 100 kc apart 
and cover the range of 16.3 to 18.2 me. Each of 
the 2nd injector frequencies can be matched with 
one of the 20 i-f channels to produce a difference 
frequency of 3.15 me. This 3.15-mc frequency is 
thus used as the fixed intermediate-frequency 
channel. It passes through three amplifier stages 
of similar design except that the 3rd 3.15-mc i-f 
amplifier does not operate with a-v-c grid bias 
before being fed to the detector. 
1-511. The tuning of the r-f and variable i-f cir
cuits, as well as the selecting of the high- and low
frequency crystals, is performed . by two Collins 
"Autopositioners." One Autopositioner controls 
the tuning in 14 2-mc steps and the other controls 
the fine tuning in 20 100-kc steps. The tuning ele
ments of the grid and plate tank circuits of the r-f 
amplifiers and the frequency mu1tiplier, and the 
high-frequency crystal selector switches are 
ganged and operated by the megacycle Autoposi
tioner. The 0.1-megacycle Autopositioner tunes 
the grid and plate circuits of the variable i-f am~ 
plifier and the plate circuit of the low-frequency 
oscillator, and selects the low-frequency crystals. 
Because the crystal selector switches and tuning 
elements are ganged, the injection frequencies 
that result in the fixed intermediate frequency of 
3.15 me are always automatically selected. Table 
( 1) shows the tuning of the double-conversion 
system for the first 22 channels. By extending the 
table in the same manner as shown, complete in
formation for the entire range of received fre
quencies can be obtained. 
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Channel Sele<'tor Freqtien<·y of Frequen<'y Band Frequency of 
Poxition Received P<t.s1<ed l>y R-F l1<t Mixer Varia/Jle 2nd Mixer Fixed 1-F 

Mc .1 Mr Si,qnal Am1>lifier Jnj. Signal 1-F A m1,lifier lnj. Sigmil Am1,lifier 

108 0.0 108.0mc 108.0 to 110.0 85.55mc 19.45 me 16.3 me 3.16 me 
0.1 108.1 108.0 to 110.0 85.55 19.55 16.4 3.15 
0.2 108.2 108.0 to 110.0 85.55 19.65 16.5 3.16 
0.3 108.3 108.0 to 110.0 88.55 19.75 16.6 · 3.15 
0.4 108.4 108.0 to 110.0 88.55 19.85 16.7 3.15 
0.5 108.5 108.0 to 110.0 88.55 19.95 16.8 3.15 
0.6 108.6 108.0 to 110.0 88.55 20.05 16.9 3.15 
0.7 108.7 108.0 to 110.0 88.55 20.15 17.0 3.15 
0.8 108.8 108.0 to 110.0 88.55 20.25 17.1 3.15 
0.9 108.9 108.0 to 110.0 88.55 20.35 17.2 3.15 
1.0 109.0 108.0 to 110:0 88.55 20.45 17.3 3.15 
1.1 109.1 108.0 to 110.0 88.55 20.56 17.4 3.15 
1.2 109.2 108.0 to 110.0 88.55 20.65 17.5 3.15 
1.3 109.3 108.0 to 110.0 88.55 20.75 17.6 3.15 
1.4 109.4 108.0 to 110.0 88.55 20.85 17.7 3.15 
1.5 109.5 108.0 to 110.0 88.55 20.96 17.8 3.15 
1.6 109.6 108.0 to 110.0 88.55 21.05 17.9 3.15 
1.7 109.7 108.0 to 110.0 88.56 21.15 18.0 3.15 
l.8 109.8 108.0 to 110.0 88.55 21.26 18.l 3.15 
1.9 109.9 108.0 to 110.0 88.55 21.35 18.2 3.15 

110 0.0 110.0 110.0 to 112.0 90.55 19.45 16.3 3.15 
0.1 110.1 110.0 to 112.0 90.55 19.56 16.4 3.15 

.Table 1-511 ( 1). Tuning position for first 22 channels of Radio Receiver R-252A/ ARN-14. Remaining channels are obtained 
in similar manner. 

RADIO RECEIVER R-278/GR 
1-512. ttadio Receiver R-278/GR provides a sec
ond example of the Collins method of controlling 
many frequencies with a few crystals. In prin
ciple, the frequency-control system is the same 
type as that described above for Radio Receiver 
R-252A/ ARN-14, except that in the R-278/GR 

receiver a triple-conversion superheterodyne cir
cuit is employed instead of a double-conversion 
circuit. Functionally, the receiver is the same as 
the AN/ ARC-33 receiver circuit in that it pro
vides crystal-controlled reception of 1750 channels 
spaced 100 kc apart between 225 and 399.9 me. 
This task is performed with the use of 38 crystal 
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Figure 1-202. Block diagram and frequency chart of Collins frequency-control system as employed In 
Radio Receiver R-278/GR 
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10-MC 
Dial 

Reading 

22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 

1-MC 
Dial 

Reading 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

R-f amplifier 
1st injection 
1st i-f amplifier 
2nd injection 
2nd i-f amplifier 
3rd injection 
3rd i-f amplifier 

R-F 
Band 
MC 

220.0 - 229.9 
230.0 - 239.9 
240.0 - 249.9 
250.0 - 259.9 
260.0 - 269.9 
270.0 - 279.9 
280.0 - 289.9 
290.0 - 299.9 
300.0 - 309.9 
310.0 - 319.9 
820.0 - 329.9 
330.0 - 339.9 
340.0 - 349.9 
350.0 - 359.9 
360.0 - 369.9 
370.0 - 379.9 
380.0 - 389.9 
390.0 - 399.9 

1st 1-F 
Band MC 

40.0-40.9 
41.0- 41.9 
42.0- 42.9 
43.0-43.9 
44.0- 44.9 
45.0-45.9 
46.0- 46.9 
47.0-47.9 
48.0- 48.9 
49.0 - 49.9 

/nj 
F1·eq 
MC 

180.0 
190.0 
2004 
210.0 
220.0 
230.0 
240.0 
250.0 
260.0 
270.0 
280.0 
290.0 
300.0 
310.0 
320.0 
330.0 
340.0 
350.0 

Crystal 0.1-MC 
and lnj Dial 

Freq MC Reading 

31.0 .0 
32.0 .1 
33.0 .2 
34.0 .3 
35.0 .4 
36.0 95 
37.0 .(; 
38.0 .7 
39.0 .8 
40.0 .9 

Frequency Range 

220.0-399.9 me* 
180.0-350.0 me 
40.0-49.9 me 
31.0-40.0 me 
9.0-9.9 me 
6.95-7.85 me 
2.05 me 

Cry1-1tal 
Frrq 
MC 

30.0000 
31,6667 
33.3333 
35.0000 
36.6667 
38.3333 
26.6667 
27.7777 
28.8888 
30.0000 
31.1111 
32.2222 
33.3333 
34.4444 
35.5555 
36.6667 
37.7778 
38.8889 

2nd 1-F 
Freq MC 

9.0 
9.1 
9.2 
9.3 
9.4 
9.5 
9.6 
9.7 
9.8 
9.9 
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Mult 
Factor 

6 
6 
6 
6 
6 
6 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 

Cry,qtal 
and ln.i 

Freq MC 

6.95 
7.05 
7.15 
7.25 
7.35 
7.45 
7.55 
7.65 
7.75 
7.85 

Tuned in 180 1-mc steps 
Tuned in 18 10-mc steps 
Tuned in 100 0.1-mc steps 
Tuned in 10 1-mc steps 
Tuned in 10 0.1-mc steps 
Tuned in 10 0.1-mc steps 
Fixed tuned 

*Note that although the frequency range of the receiver is specified as 
being from 225.0 to 399.9 me, the frequency system employed is inherently' 
capable of providing 50 additional frequencies in the range 220.0 to 224.9 me. 

Figure 1-202 (Continued}. Frequency chart of Collins frequency-control system 
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Figure 1-203. Radio-frequency amplifier unit of Radio Receiver R-218/GR. Schematic diagram 

figure 1-204. Construction of r-# tuner employed in 
Radio Receiver R-278/GR 

units. For the reader who has followed the dis
cussion of the frequency-control system in Radio 
Receiwr R-252A/ ARN-14, the functional opera
tion of the system outlined for Radio Receiver 
R-278/GR in the frequency diagram of figure 
1-202 should be largely self-explanatory. 
1-513. Briefly, the r-f amplifier consists of two 
stages of grounded-grid vacuum-tube amplifica
tion, as shown in the schematic diagram of figure 
1-20:t The r-f amplifier is tuned in 180 one-me 
stPps covering the range 225 to 399.9 me. A special 
typP of r-f tuner is used, and is illustrated in 
figm·e 1-204. This tuner consists of a variable 
capacitor and a variable inductor which are 
rotated simultaneously so that the resonant fre
quency changes linearly 180 me in 180 degrees of 
rotation, or 1 me per degree. The variable capaci
tor consists of two stator plates and three rotor 
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Figure 1-205. Oscillator unit of 1st iniection system 
in Radio Receiver R-278/GR. Schematic diagram 

plates, the front and rear of which are radially 
slotted for the purpose of alignment adjustments. 
The inductive loop consists of the inductance 
stator rod, a ring segment, and the inductance 
rotor rod. The three r-f tuners are geared to
gether and driven through a mechanical differen
tial that combines the rotary motion of an 18-
position 10-mc tuning shaft with that of a 10-
position 1-mc tuning shaft to permit a total of 
180 1-mc steps. 
1-514. The 1st injection system consists of the 
main oscillator unit shown in figure 1-205 fol
lowed by the five-stage multiplier-amplifier unit 
shown in figure 1-206. The oscillator is a Butler ' 
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figure 1-206. Multiplier-amplifier unit of hf in;ecfion system in Radio Receiver R-278/GR. Schematic diagram 

circuit employing a temperature-controlled bank 
of 18 crystal units of the CR-32/U type, and a 
bank of 18 tuning coils in the plate output circuit 
of the grounded-grid tube. The first tube, V301, of 
the multiplier-amplifier unit serves as a doubler 
for the six lowest in_iection frequencies (not the 
six lowest oscillator frequencies) and as a tripler 
for the 12 highest injection frequencies. The sec
ond tube, V302, is tuned to triple all its input fre
quencies. The next three stages are grounded-grid, 
shunt-fed amplifiers. The r-f tuners shown in the 
last four stages of the multiplier-amplifier unit 
arc similar to the r-f tuners described in the fore
going paragraph, but differ in that the frequency 
range is different. The 1st injection system is 
tuned in eighteen 10-mc steps by the 10-mc tuning 
shaft, which also operates the main oscillator 
crystal selector switch. 
1-515. The 1st i-f amplifier unit, see figm·e 1-207, 
consists of the 1st mixer, the 1st i-f amplifier, the 
2nd oscillator, and the 2nd mixer. The 1st mixer 
stage reduces the 1750 possible antenna frequen
cies to 100 possible intermediate frequencies 
spaced 0.1 me apart in the 40.0-to-49.9-mc range. 
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The i-f interstage transformers are therefore tun
able in 0.1-mc increments over a 10-mc i-f band. 
Permeability tuning is employed, with the tuning 
controlled by a cam-driven tuning rack. The sec
ond oscillator is another Butler circuit, this one 
employing a bank of 10 type CR-23/U crystal 
units operating at frequencies 1 me apart from 
31 to 40 me. The 2nd mixer serves to reduce the 
100 first i-f channels to 10 second i-f channels 
11paced 0.1 me apart in the 9.0-to-9.9-mc range. 
1-516. The 2nd i-f amplifier unit, see figure 1-208, 
consists of the 2nd i-f amplifier, the 3rd injection 
oscillator, and the 3rd mixer. The 2nd i-f amplifier 
signal is conducted over a type RG-58/U coaxial 
line from the plate of the 2nd mixer to the pri
mary of the input transformer, T501, of the 2nd 
i-f amplifier. The 2nd i-f transformers are per
meability-tuned in ten 0.1-mc increments over the 
range 9.0 to 9.9 me by a cam-driven tuning rack. 
The 3rd oscillator, which uses one half of a twin 
triode tube (12A U7), is a grounded-plate Pierce 
circuit that uses a bank of 10 type CR-18/U crys
tal units. The crystal frequencies are spaced 0.1 
me apart in the range 6.95 to 7.85 me. The 3rd 
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figure J-207. first l-1 amp/lifer unit in Radio Receiver R-278/GR. Schematic diagram 
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figure J -208. Second i-f amplifler unit in Radio Receiver R-278/GR. Schematic diagram 
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osciUator signal is fed to the cathode of the 3rd 
mixer, where it is heterodyned with the incoming 
2nd i-f signal to form the 3rd and fixed interme
diate frequency of 2.05 me. The 2.05-mc output of 
the 3rd mixer is carried over a type RG-58/U 
coaxial 1ine to the input transformer, T601, of the 
3rd i-f amplifier, which consists of three fixed
tuned amplifier stages. See figure 1-209. 

RADIO SET ANJARC-27 

1-517. Perhaps the most interesting example of 
the Collins system of frequency synthesis is pro
vided by Radio Set AN/ ARC-27. This is a v-h-f 
and u-h-f airborne transceiver set developed by 
the Collins Radio Company; it is the functional 
equivalent of Radio Set AN/ ARC-33, described 
earlier as an example of the Bendix synthesizing 
method. For transmitter operation of Radio Set 
AN/ ARC-27, four crystal oscillators employing a 
total of 22 crystal units are interrelated by means 
of harmonic generators and frequency mixers to 
cover the range between 225 and 399.9 me in 0.1-
mc increments. The operator thus has a choice of 
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any one of 1750 crystal-controlled channels of 
100-kc width. If transmission were the only func
tion of this radio set, at least one of the four 
crystal osciIJators (the 3.45-mc oscillator) could 
be eliminated and no doubt much of the remaining 
network could be simplified. As it is, however, the 
ARC-27 is also designed to receive the same fre
quencies that it transmits. The same operation 
that tunes the receiver to a particular channel 
automatically tunes the transmitter to the same 
channel. This is achieved by using many of the 
same tuned circuits that pass the received signal 
in one direction during receiver operation, to pass 
the transmitted signal in the opposite direction 
during transmitter operation. For example, a 
transformer primary in the plate circuit of a re
ceiver vacuum tube may become a transformer 
secondary in the grid circuit of a transmitter tube 
when the set is switched to transmit operation. 
The transmitter frequency synthesizer is basically 
the receiver superheterodyne system operated in 
reverse. It is the set of modifications imposed 
upon the frequency synthesizing network by this 
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Figure J-209. Tltird i-1 amplifier in Radio Receiver R-278/GR. Schematic diagram 
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bi-directional feature that makes the ARC-27 cir
cuits of special interest. 
1-518. The network system incorporated in the 
design of Receiver-Transmitter RT-178/ARC-27 
(the principa1 unit of Radio Set AN/ARC-27) 
suggests that, in approaching the problem of fre
quency control, the designers probably placed first 
emphasis upon the superheterodyne circuit of the 
receiver; then, to this basic design introduced the 
switching arrangements necessary for the same 
circuit to operate in the opposite direction. Where 
the receiver reduces all incoming signals to a fixed 
crystal-controlled intermediate frequency of 3.45 
me, the transmitter starts with a fixed crystal
controlled frequency of 3.45 me and, by reversing 
the direction of each of the receiver heterodyne 
processes, is able to generate for transmission the 
same channel frequency to which the receiver is 
tuned. The reversed superheterodyne network 
thus forms a principal feature of the Collins syn
thesizing system, a feature uniquely applicable in 
the design of two-way multichannel radio sets. 
1-519. The ARC-27 synthesizing circuit is more 
readi1y explained when we examine the network 
first from the receiver point of view. A block dia
gram of the receiver circuit is shown in figure 
1-210. This circuit operates in exactly the same 
manner as the triple-conversion superheterodyne 

circuit in Radio Receiver R-278/GR discussed 
previously. The only difference is in the choice of 
the values of the intermediate frequencies and in 
the fact that the ARC-27 set employs a fixed
frequency 10-mc crystal oscillator and a spectrum 
system that permits a selection of any one of 
eighteen 10-mc harmonics for the 1st injection 
frequency, whereas the R-278 receiver employs an 
18-crystal oscillator and five-stage multiplier
amplifier system for the same purpose, which is 
to reduce the 1750 antenna channels to 100 first 
i-f channels. The 2nd and 3rd oscillators of the 
ARC-27 receiver circuit are of the same design as 
the 2nd and 3rd oscillators, respectively, of the 
R-278 receiver except for the actual values of the 
crystal frequencies. The 1-mc and 0.1-mc spacing 
of the 2nd and 3rd injection frequencies are, 
nevertheless, common to both receivers. 

1-620. If we now examine the block diagram of 
the ARC-27 transmitter synthesizer shown in fig
ure 1-211, we see that it essentially is a reversal 
of what might be described as the "frequency de
synthesizer" network of the ARC-27 receiver. Let 
f., fb, f., and fd equal the antenna frequency and 
the 1st, 2nd, and 3rd intermediate frequencies, 
respectively; and let f ( 10) , f (1), and f ( 0.1) rep
resent the 10-mc, 1-mc, and 0.1-mc injection fre
quencies respectively, as indicated in the block 
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diagrams. For both receiver and transmitter oper
ation the frequency of the antenna signal can be 
expressed by the equation 

f. f(l0) + fb 1-520 (1) 

where 
fb = f(l) -f, 1-520 (2) 

and 
fc = f(Q,1) -fd 1-520 (3) 

so by substitution 
f. f(lO) + f(l) - f(0.l) + fd 1-520 (4) 

Ordinarily for frequency synthesis in a decade 
system we would suppose that the final frequency 
would be given by the formula 

f. = f(l0) ± f(l) ± f(0.1) , 1-520 (5) 
where f(l0) determines the frequency to the 
nearest 10-mc unit, f(l) to the nearest 1-mc unit, 
and f(0.1) to the nearest 0.1-me unit. Conse
quently, the employment of a constant frequency, 
fd, which in the ARC-27 transmitter is a 3.45-mc 
oscillator signal, would normally be superfluous. 
But in the ARC-27 set, the 3.45-mc crystal oscil
lator is inserted with advantage since it enables 
the same crystal unit.,; that control the injection 
frequencies in the receiver to control the injection 
frequencies in the transmitter. 
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1-521. With the aid of equations 1-520 (1) to (4) 
and the block diagram in figure 1-211, the fre
quency synthesizing system employed in the ARC-
27 transmitter is largely self-explanatory. The de
sired transmitter signal is synthesized by hetero
dyning the 3.45-mc and 4.8--5. 7-mc oscillator out
puts and selecting their difference product, f., for 
amplification. Jn turn, f,. is heterodyned with the 
25.7-34.7-mc oscillator output and again the dif
ference product, this time fh, is selected. Next, fb 
is amplified and mixed with the f(l0) output of 
the spectrum amplifier. The sum product, fa. which 
is the desired final frequency, is selected and am
plified for transmission. 

1-622. The various injection frequencies used in 
Radio Set AN/ ARC-27 are g~nerated by conven
tional crystal oscillators, except for the output of 
the spectrum generator. The function of the spec
trum generator is to convert an initial 10-mc out
put from an electron-coupled Pierce oscillator into 
any desired harmonic of 10 me between 200 and 
370 me. Although the function of the spectrum 
generator is effectively that of a harmonic gen
erator, the output frequency, f(l0), is not simply 
the product of a straightforward sequence of fre
quency-multiplier and harmonic-selector stages. 
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Rather, f (10) is a synthesized frequency produced 
by selecting two appropriate harmonics of the 
I 0-mc fun<lamental and mixing them to form the 
desire<l product. Referring to the block diagram 
in figure 1-212, it can be seen that the 10-mc oscil
lator is isolated froin the multiplier stages by a 
buffel' amplifier. The output of the buffer ampli
fier is used to excite two different multiplier cir
cuits. One multiplier is fixed-tuned to select and 
amplify the 9th harmonic (90 me); the second 
multiplier can be switched to select and amplify 
either the 1st, 2nd, 3rd, or 4th harmonic (10, 20, 
30, or 40 me). The outputs of the two multiplier 
circuits are then mixed. Selection of the desired 
frequency product is made by the ganged tuning 
in 10-mc steps of two selective ·1acuum-tube am
plifier stages. In table ( 1) below are given the 
harmonic multiplier combinations by which the 
desired spectrum frequency, f (10), is obtained. 
Note that the 90-mc signal is not employed, but 
only its 2nd, 3rd, and 4th harmonics. 

/(10) m X 9/ ± nf 

200 = 2 X 90 + 20 
210 = 2 X 90 + 30 
220 = 2 X 90 + 40 
230 = 3 X 90 - 40 
240 = 3 X 90 30 
250 3 X 90-20 
260 3 X 90-10 
270 3X90+0 
280 ,::. 3 X 90 + 10 

1-523. Figures 1-213 to 1-217 are schematic dia
grams of the frequency-control circuits in Re
ceiver-Transmitter RT-178/ ARC-27. Minor differ
ences exist among the various modeh1 of the trans
ceiver which have been produced since the orig
inal. The schematics shown apply to Collins model 
No. 6 of the RT-178/ ARC-27 series. The positions 
of the different switches and tuning adjustments 
are controlled automatically by a Collins Autotune 
system. Any of the 1750 channels can be selected 
by using the decade frequency selectors on the 
local control panel. In addition, any one of 18 
preset channels or a guard receiver can be selected 
from both remote and local control panels. When 
the radio set is being operated in the receive posi
tion, plate voltage is automatically removed from 
those tubes that are used only during transmitter 
operation; likewise, when the radio set is being 
operated in the transmit position, plate voltage is 
removed from those tubes used only during re
ceiver operation. With the aid of the block dia-

I (1 o) = m X 9 I ± nf 

290=3X90+20 
300 = 3 X 90 + 30 
310 3 X 90 + 40 
320 4 X 90-40 
330 4 X 90-30 
340 = 4 X 90 20 
350 = 4 X 90 10 
360 = 4 X 90 + 0 
370 = 4 X 90 + 10 

Table 1-522 ( 1). Harmonic generator combinations employed in the synthesis of f ( 10), the output frequency of the spec
tl'Um generator in Radio Set AN /ARC-27. All frequencies are in megacycles per second. 
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grams in figures 1-210, 1-211, and 1-212, the func
tions of the various circuit components shown in 
the schematic diagrams should be reasonably ap
parent in most iMtances. The designs of the indi
vidual stages are for the most part conventional. 
The r-f tuners used in the receiver r-f amplifier, 
in the spectrum amplifier, and in the transmitter 
preamplifier are not of a conventional type, but 
their design has been described in connection with 
similar circuits in Radio Receiver R-278/GR. See 
figure 1-204. Also unconventional is the coupling 
between the 1st mixer in the receiver and the 
spectrum amplifier. In figure 1-215, note that the 
V505 output of the spectrum generator is fed to 
the cathode of the 6J4 transmitter mixer, V506. 
Capacitor C584, which is connected between the 
grid of V506 and ground, is large enough to effec
tively ground the grid at the spectrum generator 
frequencies, but is small enough to present a fairly 
high impedance to the input from the 20-30-mc 
transmitter amplifier, V202. Thus, V506 operates 
as a grounded-grid circuit insofar as the spectrum 
injection frequencies are concerned, so that these 
frequencies tend to be attenuated somewhat in the 
mixer output. Attenuation of the 20-30-mc signal 
in the mixer output is less of a problem since the 
20-30-mc band is separated by such a large per
centage difference from the frequencies at which 
the transmitter preamplifier circuits are tuned. 
Although C534 effectively grounds the grid of 
V506 at the spectrum frequencies during trans
mitter operation, it does not completely do so. 
During receiver operation, when plate voltage is 
removed from V506, the output of the spectrum 
generator is coupled through the grid-cathode ca
pacitance of the tube to the grid circuit, and the 
voltage developed across C534 is sufficient for in
jection excitation of the 1st receiver mixer. This 
injection voltage for receiver operation is fed 
through the same cable, Z104 (see figure 1-213), 
that is used to transmit the 20-30-mc signal to 
V506 during transmitter operation. The receiver 
mixer, V103, employs cathode injection by means 
of capacitance coupling between two wires in the 
specially constructed cable, Z104. From the sche
matic it can be seen that the wire that is connected 
directly to the grid of V506 is connected to the 
plate of V103 through C125 and L109. L109 is an 
r-f choke at the spectrum generator frequencies, 
so that for all practical purposes this circuit can 
be assumed to be open during receiver operation. 
For transmitter operation, L109 and C125 in 
series present a sufficiently low reactance for the 
20-30-mc signal from the transmitter amplifier, 
V202, to be fed to the transmitter mixer, V506. 
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The reason that.the 20-30-mc transmitter signal 
is fed to the transmitter mixer via the plate cir
cuit of the receiver mixer instead of being fed 
directly is simply one of economy-to make use of 
the J102/J202 connection from the plate of the 
receiver mixer to transformer T201 during trans
mitter operation as well as during receiver opera
tion. In figure 1-216 it can be seen that during 
receiver operation, transformer T201 couples the 
output of receiver mixer Vl03 to the input of re
ceiver amplifier V201; during transmitter opera
tion, T201 is operated in the reverse direction, 
coupling the output of V202 to the plate of V103 
(which ~ube is inoperative since its plate voltage 
is removed) and from there through C125, I.-109, 
Z104, and connection P102/J503 to the grid of the 
transmitter mixer, V506. 
1-524. Since the greater part of the final trans
mitter frequency is controlled by the 10-mc 
spectrum generator oscillator, it is primarily the 
stability of this oscillator that determines the sta
bility of the transmitted frequency. The 10-mc 
oscillator is a grounded-plate ( r-f grounded-screen
anode) electron-coupled Pierce circuit that em
ploys an oven-mounted type CR-27 /U crystal unit. 
The remaining osciilators do not employ thermo
statically controlled ovens for mounting their re
specti ve crystal units, since the normal frequency 
deviations of these crystals with temperature 
changes can have but an insignificant percentage 
effect upon the final frequency. R-f grounded-plate 
oscillators of the Pierce type employing CR-18/U 
crystal units are used for the 3.45-mc and the 8.25 
-9.15-mc oscillators. The 25.7-34.7-mc injection 
oscillator is of the cathode-coupled Butler type 
and empioys a IO-position bank of type CR-28/U 
crystal units. For the reader interested in a more 
detailed discussion of the over-all design of Radio 
Set AN/ ARC-27, reference can be made to USAF 
Technical Order No. 12R2-2ARC27-2. 

Attenuation of Unwanted Products in 
FrequHCy Synthesis 
(This discussion is primarily an abstract of por• 
tions of "Developments in Frequency Synthesis" 
by Mr. H.J. Finden of the Plessey Company, Ltd., 
England, a paper delivered before the Conference 
on High Frequency Measurements, Washington, 
D.C., 1953 and published in revised form in El,ec. 
tronic Engineering, May, 1953.) · 
1-525. Among the more difficult problems that 
face the designer of frequency synthesizing cir
cuits are those that concern the elimination of all 
frequencies except the one desired signal. When 
two frequencies, f 1 and f2, are mixed, it is custom-
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ary to regard the output of the •mixer stage as 
being composed of four frequencies, namely, f1, f2, 

f, plus f2, and f1 minus f 2• In practice, we know 
that due to non-linearities of both the input and 
output stages, higher harmoQics of each of the 
fundamental frequencies are also present, as well 
as all possible combinations of their sum and dif
ference products. Thus, whenever a particular 
output frequency is to be selected from a synthe
sized mixture, especially if a relatively pure sine 
wave output is desired, many more than the four 
principal fundamental frequencies must be con
sidered. The conventional method of selecting one 
frequency from a mixture of several is, of course, 
to employ filters that readily pass a narrow band 
of frequencies in the neighborhood of the desired 
frequency, but greatly attenuate all frequencies 
above and below the passband. In the special case 
of where the desired frequency is the lowest fre
quency present, a low-pass filter can be u~-ad to 
reject all frequencies higher than the one desired. 
(Where all harmonics are present, high-pass filters 
are not applicable for the rejection of all but one 
frequency.) Where a relatively pure output is de
sired, satisfactory filtering can become quite diffi
cult and expensive to achieve in a frequency syn
thesizer unless two preventive steps are taken: 
one step is to ensure that the input frequencies of 
the mixer are -ttenuated in the mixer stage itself; 
a second step is to ensure that none of the signifi
cant unwanted frequencies lies close to the desired 
frequency. 

THE BALANCED MODULATOR IN 
FREQUENCY SYNTHESIS 
1-526. When two or more frequencies are to be 
mixed to obtain a sum or difference product, the 
normal approach is to employ a mixer stage of 
maximum efficiency as measured by the ratio of 
the heterodyne output level to the input signal 
level. However, where greater-than-normal purity 
of the desired heterodyne product is the goal, as 
well may be the requirement of a frequency syn
thesizer, the more important signal ratio to con
sider in the mixer is the ratio . of the heterodyne 
output level to the level of the input frequencies 
as they are measured in the output. For this rea
son the balanced modulator can be used to advan
tage as a mixer stage in a frequ~ncy synthesizer 
of pure sine waves, even though its conversion 
efficiency is less than that of other types of mixers. 
Figure 1-218 illustrates the circuit of a balanced 
linear modulator of the same design as the mixer 
stages that are used in the Plessey frequency syn
thesizer. Note that since the two balanced ampli
fiers are connected in parallel, but are excited 180 
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degrees out of phase, the input signals are virtu
ally eliminated in the output. In practice, it is not 
possible to balance the circuit perfectly. Optimum 
performance is obtained by adjusting the circuit 
for maximum attenuation of whichever input fre
quency differs from the desired heterodyne prod
uct by the smallest percentage. Generally, this is 
the higher of the two input frequencies, except 
when the desired frequency is the difference prod
uct, where the higher of the two input frequencies 
is not gf'eater than 2.6 (approximately) times the 
lower. 
1-527. Measurements made at the Plessey Com
pany of the relative power levels of the frequencies 
in the output of an experimental balanced modu
lator are shown in table ( 1) . For this experiment 
f1 equaled 100 kc and f 2 equaled 740 kc. The modu
lator was balanced for maximum attenuation of 
f~. The output strength of the fundamental dif
ference product, 640 kc, was taken as the zero db 
reference level. Note that the sum product, 840 
kc, was measured at the same level, but that all 
other frequencies in the output•were at negative 
db levels. The sum and difference products involv
ing the 5th harmonic of f 1 (500 kc) were neg
ligible. Where the strength of the wanted fre
quency must be made 60 or 70 db greater than 
that of any other frequency, it can be seen that a 
mixer stage which does not, itself, attenuate the 
input frequencies in its output circuit will make 
the problem of eliminating all the unwanted fre
quencies by filters and/or selective amplifiers 
alone much more formidable. 

.----r----.---11-o 
OUTPUT 

6BE6 

'2 
lNPUT 

f I 
lNPUT 

68E6 ½ 

Fi9vre 1-218. Balanced modulator circuit, which I• 
useful a• a mixer stage when maximum offenvafion 

of the input lrequenciH in the output is desired 



,. 740kc 2/, = 1480 kc 
-SO db -30db 

f1 = 100 kc f2 ± f1 2f2 ± f1 
-8db 

640kc 1380 kc 
0db -37db 

840kc 1580 kc 
0 db -37db 

2f1 = 200kc f2 ± 2f, 2f2 ± 2f1 
-36db 

540kc 1280 kc 
-38db -46db 

940kc 1680 kc 
-38db -47db 

3f1 = 300 kc f2 ± 3f1 2f2 3f, 
-42db 

440kc 1180 kc 
-65db -66db 

1040 kc 1780 kc 
-63db -68db 

4f1 = 400 kc f2 ± 4f1 2f2 ± 4f1 
-57db ' 

.. 
340kc 1080 kc 

-58db -70db 

1140 kc 1880 kc 
-60db -72db 

5f1 500kc 
-71db 

3/, = 2220 kc 
33db 

3f2 ± f1 

2120 kc 
-49db 

2320 kc 
-49db 

3f2 ± 2f1 

2020 kc 
-69db 

2420 kc 
-69db 

3f2 ± 3f1 

1920 kc 
-73db 

2520 kc 
-72db 

3f2 4f, 

1820 kc 
-77db 

2620 kc 
-77db 
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4/2 2960 kc I -58db 

4f2 ± ft 

2860 kc 
-68db 

3060 kc 
-68db 

4f2 ± 2f, 

2760 kc 
-72db 

3160 kc 
-72db 

4f2 ± 3f1 

2660 kc 
-78db 

3260 kc 
-79db 

4f2 :±: 4f1 

2560 kc 
-78db 

3360 kc 
-78db 

Table 1-527(1). Frequencies present in the output of an experimental balanced modulator when the input fundamental 
frequencies are 100 kc (f,) and 740 kc (f,). All output levels in db are given with respect to a 0-db level assumed for the 
difference product (f, - f,) of 640 kc. The modulator was balanced for maximum attenuation of f,. 

SELECTION OF INPUT FREQUENCIES 
FOR SYNTHESIZING STAGE 
1-528. Where the output strength of the desired 
synthesized frequency must be at least 60 db 
greater than that of any unwanted frequency, it 
is of utmost importance.that none of the unwanted 
frequencies (that a:re not already 60 db or more 
below the desired frequency) in the mixer output 
approach the frequency of the desired signal. To 
avoid such a possibility may require a very care
ful selection of the original frequency elements to 
be mixed. Assume, for example, that the desired 
signal is to be the difference product, (f2 - f1), 
where f 2 is greater than fi, and that no accom
panying frequency is to have a filter or selective 
amplifier output power greater than - 70 db rela
tive to that of the desired signal. The question 
arises: What rules-of-thumb can guide the radio 
engineer in avoiding unwanted frequencies so 
close to the wanted frequency that they cannot be 
easily separated by conventional filter circuits? 
The answer to this question is to avoid all selec
tions of f1 and f2 that cause the ratio f2/ ( f2 - f1) 
to approach any of the values shown in table ( 1). 
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How these forbidden ratios have been derived is 
explained in the following paragraph. 

or bidden Values 
of fd(l1 - f,J 

5 
4 
3 

5/2 
2 

5/3 
3/2 
4/3 
5/4 

Note: Insofar as a 70-d 
separation in power levels i 
concerned, this table applie 
only to the use of balanced 
modulator mixers adjuste 
for maximum attenuation o 
f 2. However, the forbidde 
values should generally b 
avoided regardless of th 
type of mixer circuit. 

Table 1-528 ( 1). Forbidden values of the ratio f,/ (f, -f,). 
where f, is greater than f, · and the desired frequency, 
(f, -f,), is to be made at least 70 db greater in signal 
strength than any accompanying frequency. 

1-529. The values of the forbidden ratios given 
in the table of the preceding paragraph were orig
inally derived by H. J. Finden with the aid of the 
empirical data in table 1-527 (1). The assumption 
was made that this empirical data for f1 of 100 kc 

-and f 2 of 740 kc could be accepted as generally 
representative .of any values of fi and f2, where f2 
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is the higher frequency. The manner of derivation 
of the forbidden values is as foHows: 

a. First, let us keep in mind that our principal 
purpose is to avoid the presence of unwanted fre
quencies that lie close to the desired frequency, 
which we here assume to be the difference product, 
(fz-f1), 

b. Let it be assumed that f 2 is greater than fi, 
but that f1 is large enough that f2 is ~t least 5 per 
cent ( or better yet, at least 10 per cent) greater 
than the difference frequency ( f2 - f 1 ). 

c. With assurances of at least a 5 per cent dif
ference between f 2 and (f2 - f1), and with the 
modulator specifically balanced to eliminate f2 
[note the -30 db level of f2 in table 1-527 (1) ], we 
can assume that the remaining attenuation of f 2 

can be achieved by elementary filter design. 

d. Likewise we can assume that all overtones of 
f:.1 (2f2, 3f2, etc) can be eliminated by elementary 
filter design, as well as aJl overtones of (f2 f1); 
i.e. (2f2 - 2f1), (3f2 - 3f1), etc. 

f1 f2-f1 

2f1 f,.,-2f1 

e. Similarly, we can disregard all sum frequen
cies, (f1 + f2), (2f1 + f2), (f1 + 2f2), etc., since 
an wi11 be more than 10 per cent greater than the 
desired frequency, <f2 f1). This group also in
cludes all sums of (f2 - f1), or its overtones, with 
other frequencies. For example, (f2 - f1) + f,, 
which is the same as (2f2 - f1). 

f. With the above frequencies eliminated from 
consideration, the remaining frequencies which 
might prove troublesome, as indicated in table 
1-527 ( 1 ) , are generalized below in table 1-529 ( 1). 

g. We equate each of these frequencies with the 
desired frequency, (f2 f1), and solve for f2 in 
terms off,. These equations are shown below, with 
the corresponding solutions for f2 and for f1/ 
<f2-f1), 

h. Since the numerical values of the ratios de
rived above correspond to values of ft and f2 that 
produce harmonic products equal to the desired 
frequency, it can be seen that any close approach 
to such ratios should be avoided when selecting 
the input frequencies to a mixer stage. 

3f1 f2 - 3f, 2f2-3f1 
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4f1 f2-4f1 2f2 - 4ft 3f2 4f1 

Table 1-529 (1). Frequencies present in the output of a mixer that can approach 
in value the desired difference frequency (f, f,) and be of a sufficient power 
level to make P.limination by conventional :filter circuits difficult. 

When 

f2 - f1 = f1 
2f1 

= 3f1 
4f1 

= 2f1 ·- f2* 
3f1 - f2* 

= 4f1 - f2* 
= 2f2- 3ft 

3f1 - 2f2 
= 2f2 - 4f1 

4f1 - 2f2 
= 3f2- 4f1 
= 4f1 -3f2 

Then 

f2 2f1 
= 3f1 
= 4ft 
= 5f1 

3/2f1 
= 2f1 

5/2f1 
= 2f1 
= 4/3f1 
= 3f1 
= 5/3f1 
= 5/2f1 
= 5/4f1 

And 

f2/(f2-f1) 2 
= 3/2 
= 4/3 
= 6/4 
=3 
=2 

5/3 
=2 
=4 
= 3/2 
= 5/2 
== 5/3 
=6 

• Note that only the equation where f, is assumed to be less than the f, har
monic is used. Otherwise f, would necessarily be zero. For example, if 
· f, - f, = f, 2f, 
then f, must be zero. In the last six equations, however, the possibility exists fo1· 
the f, harmonic to be either above or below the f, harmonic. · 
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Crystal-Plaase-Coatnled Hmmonic Maltipllers 
1-530. Of great promise in the field of frequency 
synthesis is the possible future application of har
monic generators of the crystal-phase-controlled 
type. With such a generator a single low-, medium-, 
or high-frequency crystal can be used to control a 
wide band of radio channels extending well into 
the u-h-f range. The basic circuitry is quite simple. 
Where maximum economy in parts is necessary, 
a single triode stage is capable of producing any 
one of a sequence of crystal overtone frequencies, 
with the selected signal being 40 db above the 
level of the two adjacent harmonics. Such a circuit 
was demonstrated during the first investigations 
of phase-controlled multipliers reported in the 
United States. The basic research, reported by Dr. 
A. Hahne!•, and a developmental project, reported 
by L. R. Battersby and E. A. Conovert, were both 
undertaken at the Signal Corps Engineering 
Laboratories at Fort Monmouth, N. J. 
1-531. The principal operational features of a 
crystal-phase-controlled harmonic multiplier are 
illustrated in figure 1-219. As shown in the block 
diagram of (A), the basic circuit consists of a 
variable-frequency osdllator arranged to be keyed 
at a crystal-controlled rate, f, ; which, of course, 
should be a much lower frequency than the v-f-o 
frequency, fo. If the circuit is properly designed, 
the variable frequency oscillator, when tuned 
through its band, will generate a succession of 

• Hahne!, Alwin. "Multichannel Crystal Control of VHF 
and UHF Oscillators," Proc. I. R. E., Vol. 41 Pages 79-
81, January 1963. See also Bibliography Nos. 'sgs to 901. 

t Battersby, Lyle R. and Conover, E. A. "A Single 
Crystal Multi-Channel Oscillator," Technical Memoran
dum No. M-1567, Signal Corps Project No. 132A March 
1964. ' 
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output frequencies equal to those overtones of the 
crystal frequency which lie within the v-f-o tun
ing range. For example, let us suppose that when 
the variable frequency oscillator is operated in a 
steady, constant-amplitude state (a steady key-on 
operation, with the crystal-controlled key shorted 
across), f. is found to vary continuously from 
9990 kc to 20,000 kc. Then, when crystal-controlled 
keying is applied, say, at a frequency, f,. equal to 
50 kc, it will be found that all the tuned frequen
cies are suppressed except those that are har
monics of the 50-kc keying voltage. Thus, with the 
oscillator tuned to its original 9990-kc position, 
the primary output is no longer 9990 kc, but the 
nearest 50-kc harmonic, 10,000 kc. As the oscil
lator is tuned through its natural 10,000-kc posi
tion, the output at this frequency reaches a maxi
mum. As the oscillator tuning is varied farther 
in the high-frequency direction, a 10,050-kc signal 
begins to increase in amplitude. When the oscil
lator is tuned to its original 10,025-kc position, 
the 10,000-kc and the 10,050-kc signals will appear 
in the output at approximately equal amplitudes. 
Finally, when the tuning passes through the oscil
lator 10,050-kc maximum position, the 10,000-kc 
signal will have dropped to a level 40 db or more 
below the 10,050-kc output. In such a manner this 
particular circuit can generate any desired over
tone of the crystal frequency between the 200th 
and 400th harmonics--200 crystal-controlled fre
quencies in all. 
1-532. If all frequencies in the v-f-o output are to 
be suppressed except the single desired crystal-

. controlled harmonic, the output waveform, see 
figure 1-219 ( B) , must meet certain conditions. 
First, the rise time must oe as short as possible. 

ONE 11-F·O DECAY PERIOO OF 7 
CYCLE TIME 

" 

I 

KEY 
OFF 

i,.------PERIOD OF ONE CRYSTAL ____ .., 
CYCLE• llfc 

(A) (Bl 

figure 1-219. Simplified block diagram (Al and output waveform (BJ ol cry1tcd-p#tase-controlled harmonic 
multiplier 
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This is the time it takes the v-f oscillations to 
build up to their equilibrium amplitude. Second, 
the decay time must also be as short as possible. 
However, the total key-off period must be ex
tended sufficiently to ensure that the oscillations 
die down to noise-level proportions. This is neces
sary in order for oscillations at the beginning of 
each keying pulse to start in the same phase. 
Third, as implied by the first two conditions, the 
constant-amplitude time must be long relative to 
the rest of the keying cycle - three-fourths or 
more of the total. If these conditions are not met, 
the output will always contain a multiplicity of 
different harmonic frequencies at approximately 
the same amplitude level. 

1-533. That the operational conditions described 
above are necessary in order to obtain a single
frequency output has been confirmed empirically. 
Such conditions were originally indicated theo
retically when the waveform was subjected to a 
Fourier analysis. Intuitively, from a qualitative 
examination of the waveform, it would appear 
that those conditions of maximum constant-ampli
tude time, which indicate minimum distortion of 
the output from a pure unmodulated continuous 
wave, could be expected to be the conditions ap
proaching most closely single-frequency phase
controlled operation. What may not be qualita
tively obvious is why the constant-amplitude por
tion of the output pulse, which supplies practi
cally all of the output energy, should not cause 
the dominant frequency to be the actual frequency 
at which the variable frequency oscillator is tuned 
to operate. Let us assume that the keying voltage 
is a square-wave pulse. Since the v-f oscillations 
must build up from thermal level, we can assume 
that they contain no "memory" of the preceding 
keying pulse or of the pulse rate. In other words, 
once the oscillator is keyed, the buildup waveform 
and the constant-amplitude frequency are exactly 
the same whether the keying pulse is to last 1 
microsecond or 1 day. So qualitatively we must 
conclude that the steady-state oscillations have a 
period and corresponding frequency that are inde
pendent of the keying frequency. The steady-state 
period of a Y-f-o cycle during crystal control is 
thus no different from that of the same tuned cir
cuit without crystal control. How then are we to 
account for the fact that when crystal control is 
applied, the measured output frequency immedi
ately shifts from the tuned-circuit resonance value 
to the nearest harmonic of the crystal frequency? 
The answer appears to lie in the fact that the 
generated phase-controlled output physically has 
the same period and cycle-to-cycle frequency as· 
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the unmodulated tuned oscillator, but because of 
the periodic phase shift at the crystal frequency, 
a tuned receiving circuit can indicate a maximum 
resonance absorption of ·energy only if it is tuned 
to a harmonic (approximately) of the periodic 
phase shift. 
1-534. Imagine an ideal phase-controlled wave
form in which the build-up time and the decay 
time are instantaneous, so that the periodic phase 
shift can also occur instantaneously without the 
intermission of a key-off interval. In this event, if 
the v-f-o tuned frequency is exactly equal to a 
harmonic of the phase-control frequency, no phase 
adjustment occurs, and the output does not differ 
in form from a steady-state continuous wave. Now 
suppose that the v-f-o tuned frequency is not a 
harmonic of the phase-control frequency, and that 
we attempt to couple electronically the output to 
a tuned receiving circuit. With the receiving cir
cuit tuned to the v-f-o frequency, we can imagine 
that during the first phase cycle the received reso
nance energy builds up to a certain level. To ideal
ize further, let us also imagine that the resistance 
of the receiver tuned circuit is effectively zero, so 
that when the first phase cycle is completed, the 
energy absorbed during that period continues un
diminished as a free-running oscillation without a 
change in phase. During the succeeding phase 
period a corresponding component of oscillation 
of equal amplitude but different phase is fed the 
receiving circuit. After several such periods, in 
which the phase of each succeeding oscillation 
component is rotated in the same direction an 
equal amount from the phase of the preceding 
component, it can be assumed that the accumula
tion of opposite-phased oscillations tend to cancel 
each other (i.e., the tuned circuit returns energy 
to its power source as fast as it is supplied). Thus, 
even if the circuit ohmic resistance is zero, a reso
nance condition cannot be indicated by a continu
ous buildup of oscillations. On the other hand, if 
the receiving circuit is tuned to the near harmonic 
of the phase cycle, we can imagine that the energy 
absorbed during each phase period continues as a 
free-running oscillation at the harmonic fre
quency, nf, .. Since there are always exactly n of 
these cycles during each phase period, the imagin
ary succession of oscillation components will all 
have the same phase, and hence will tend to add 
to each other rather than cancel. Remember that 
the beginning of each phase cycle does not con
stitute a phase correction of its harmonic cycle, 
but of the v-f-o cycles, which we here assume are 
feeding energy to the semi-free-running harmonic
tuned receiving circuits. Before the phase of the 



input cycle can gradually shift to a point where 
it is in phase opposition to the hypothetical har
monic oscillations, it is abruptly returned to its 
starting position and a new phase cycle begins. In 
thi.s way we can see how the phase-controlled 
v-f-o oscillations are able to continually feed 
energy to oscillations that are multiples of the 
phase-control frequency, and yet tend to suppress 
oscillations that have the same period as the v-f-o 
steady-state output. Thus, where the frequency
measuring technique involves the absorption of 
energy in a variable circuit of calibrated tuning 
range, we would conclude that the output fre
quency of the phase-controlled vfo is apparently 
a harmonic of the crystal frequency. Similarly, if 
the phase-controlled frequency were being tested 
by matching with the phase of an oscilloscope 
sweep, the sweep would have to be synchronized 
by the crystal harmonic frequency to hold the pat
tern still. If synchronized at the v-f-o tuned fre
quency, the pattern of a single wave will take a 
hop in phase at the beginning of each phase cor
rection, and thus appear to move across the 
screen. When synchronized by a crystal harmonic, 
the wave may begin a change of phase, but imme
diately jumps back to its original position at the 
beginning of each phase correction. Again, the 
phase-controlled harmonic, nf,., becomes the meas
ured frequency of the vfo when the measuring 
technique involves the beat-frequency method, 
since basically this method measures the unknown 
frequency by determining the rate at which its 
phase changes with respect to that of a known 
standard. Thus, purely from qualitative consider
ations, we are led to suppose that any conventional 
frequency-measuring method would indicate that 
the output of a phase•controlled oscillator has an 
apparent frequency, f.., equal, not to the v-f-o 
tuned operating frequency, but to nf .. 

1-535. The reader should accept the qualitative 
explanation of the principle of phase-controlled 
multiplication, as given in the foregoing para
graph, as being somewhat on the speculative side. 
In the practical oscillator, it may be that sufficient 
coupling can be expected to exist between the 
v-f-o oscillator and the crystal oscillator to pull 
them into a mutual synchronization with each 
other. Certainly, such synchronization is to be 
expected when the natural v-f-o frequency ap
proaches very closely a harmonic of the crystal 
fundamental. Also, the explanation given above 
implies that a tuned receiving circuit, which, per
haps because of periodic· clamping or quenching, 
lacks a sufficient "memory" to store an oscilla
tion above noise level for the duration of the key-
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off interval, could not be used by itself to detect 
a phase-controlled output. If such a circuit were 
used as a coupling stage, maximum transfer of 
energy would occur if the stage were tuned to 
pass the tuned v-f-o frequency rather than the 
crystal harmonic. Since the discrimination of an 
effectively low-Q circuit between nearly equal 
frequencies is negligible in practical circuits, rais
ing the question at this point is academic, except 
to remind the reader that our qualitative explana
tion of the phase-controlled signal implies that 
the value of f., is not independent of the detecting 
system. On the other hand, the Fourier analysis 
of the output waveform, leads us to consider the 
crystal-controlled harmonics as being the actual 
frequencies of the v-f-o output, inherent in the 
waveform. 

HAHNEL SPECTRUM GENERATOR 
1-536. Figure 1-220 (A) is the schematic diagram 
of a one-tube spectrum generator of the phase
controlled v-f-o type developed by Hahne! and 
associates. Since the v-f-o frequency is several 
times higher than the crystal frequency, induc
tors that present very low impedances at the 
crystal frequency, but high impedances at the 
v-f-o frequencies, can be used to separate the 
crystal feedback path from that of the variable 
oscillator, thus permitting a single triode to serve 
as amplifier for both oscillators. In figure (B) is 
shown the equivalent circuit of the crystal oscil
lator, which we see is more or less a conventional 
Miller circuit. In figure (C) is shown the equiva
lent v-.f-o circuit, which we see is a Colpitts cir
cuit. This basic spectrum generator is operable 
at all lower frequencies, but of special interest is 
the fact that a crystal-controlled output was ob
tained even in the u-h-f range when an L.c. 
butterfly circuit tunable from 250 to 900 me was 
used. 
1-537. As explained earlier, a single-frequency 
output from the phase-controlled oscillator in fig
ure 1-220 requires that the constant-amplitude 
interval of the phase cycle be as long as possible 
consistent with a sufficient decay time. To achieve 
this R, must be varied to a, value consistent with 
the resistance of the crystal unit so that the 
crystal oscillator is biased in the class A region; 
that is, the tube is cut off (for v-f operation) only 
a small portion of each crystal cycle. In order to 
make sure that the decay time is very short, the 
f .. tuned circuit should be rather heavily damped, 
and low ratios of L/C should be used in the tuned 
circuit. Since these design features will tend to 
keep the energy storage in the v-f-o system low, 
they will also serve to shorten the buildup time. 
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Figure 1-220. (AJ Schematic diagram of Hahnef spec
trum generator in which two oscillator circuits are 
combined in one stage; (81 Simplified schematic dia• 
gram ol the crystal oscillator circuit of the spectrum 
generator; IC) Simplified schematic diagram of the 

v-f-o circuit of the spectrum generator 

It is also important in this latter respect to use a 
tube of high transconductance, and to ensure that 
this transconductance is effective during the con
stant-amplitude interval. Short rise and decay 
times also require that the cr,ystai keying voltage 
is changing at a fast rate at the v-f-o on and off 
points. For this purpose, the amplitude of crystal 
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oscillation should be as large as practical. Of 
course, the gridleak resistance will need to be 
relatively small in order to keep the bias in the 
class-A region. 

1-538. Figure 1-221 shows the complete sche-. 
matic of a Hahnel circuit foliowed by an ampli
fier. This circuit was developed by Battersby and 
Conover and designed to cover the frequency 
range of 20 to 30 me in 1-mc steps. With the 
additional amplifier stage, a 50-db selectivity is 
obtained for the desired harmonic channel rela
tive to the adjacent channels. An output of 3 
volts is possible across a 50-ohm load. The oscil
lator circuit is essentially the same as that in 
figure 1-220. The amplifier stage is quite conven
tional. The link coupling to the amplifier is em
ployed to minimize the leakage of the 1-mc signal 
from the oscillator circuit to the amplifier input. 
R, serves to shorten the decay time. Its damping 
effect also improves the tracking performance of 
the ganged tuning. · 

TRANSISTOR OSCILLATORS 

Our assignment in transistor osdllators is not 
to provide detailed mathematical analyses of the 
various types of circuits, but to describe and dis
CU8S semi-quantitatively experimental single-stage 
circuits that are representatitie of basic methods 
for obtaining the loop feedback required to main
tain stable oscillations. The basic methods dis
cussed are those that, to obtain feedback, employ 
series-mode crystal units in the feedback arm, 
negative-resistance circuitry, and transformer 
coupling. Modifications of each type of basic cir
cuit are given, but unfortunately the test data 
available is insufficient to permit definitive com
parisons of the characteristics and limitations of 
the different circuits. The design engineer, of 
course, would pref er concrete recommendations in 
choosing a circuit and in guiding its design to pro
vide optimum characteristics for the partimdar 
needs at hand. However, crystal oscillators em
ployin,q transistors in lieu of vacuum-tube ampli
fiers are at the present writing still more or less 
in the trial-and-error experimental stage. Al
though technical information is being accumu
lated in a number of laboratories, the detailed test 
data for the most part represent investments in 
competitive enterprises unavailable at this time 
for public communication. The reader tthould un
derstand that the particular circuits described are 
primarily experimental in nature, being given as 
illustrations of basic o:tcillator types and not as 
endorsements for general use. 
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Figure J-221. Sc#tematic diagram 20--30-mc spectrum generator with filter-amplifier stage added for greater 
adjacent channel selectivity 

, .......... Crystal-FNdback Osclllatan 

POINT-CONTACT TRANSISTOR 
CRYSTAL-FEEDBACK OSCILLATOR 

1-539. The circuit parameters indicated are those 
of an experimental low-frequency oscillator that 
was investigated at Bell Telephone Laboratories 
as a possible future replacement of the present 
vacuum-tube circuits now used to control tele
phone carrier frequencies. The information given 
here is based upon a discussion of the experi
mental oscillator by R. S. Caruthers. 
1-540. A point-contact transistor of the 1729 type 
was used in the experiments. Superior perform
ance characteristics CRD be obtained with the more 
recently developed junction transistor. The ex
tren~e simplicity of the basic circuit is possible 
because the r-f emitter current, I., is in phase with 
the r-f collector current, le. All that is necessary 
for the oscillations to be maintained is that a series 
resonant circuit, which in this case is the series
mode crystal, feed back a sufficient current to sup
ply I •. The total feed-back current, however, must 
be somewhat greater than I.. Amplitude equi
librium is reached when 

R R a=l+...-+-
n1. r. 

1-540 (1) 

where a is the effective r-f current amplification 
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factor of the transistor, equal to IJI., R is the 
crystal resistance, RL is the load resistance, and 
r,. is a resistance parameter of the transistor col
lector circuit, somewhat the analogue of R,, of a 
vacuum tube. For the point-contact transistor, r,. 
is generally between 15,000 and 20,000 ohms, so 
that the term R/r,. is usually quite small compared 
with the other terms in the equation. For oscilla
tions to build up, the initial value of a must be 
greater than that given by equation (1). The 
larger the difference between the initial a and 
the equilibrium a, the greater is the final activity. 
In figure 1-223(A), it can be seen that the values 
of "' are not large, so that RL cannot be made 
much smaller than the maximum permissible R 
of the crystal unit if equation ( 1) is to hold for 
all crystal units of a given type. Limiting occurs 
when the current peaks of I. extend into the low
amplification regions indicated in figure 1-223 (A). 
The a-c load line in figure l-223(B) indicates the 
approximate operating region during oscillations. 
The point Q, which is at the middle of the operat
ing range is p'redetermined experimentally by ad
justments of the d-c supply voltages and the series 
dropping resistances. Because of the small mar
gin of excess gain in the transistor oscillator, the 
variations in collector characteristics from one 
transistor to another result in large percentage 
variations in oscillator activity. Note the large dif
ferences in collector current for the same value of 
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Figure J-222. Basic circuit for crystal-controlled transistor oscillator 
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Figure 1-223. (A) Current amplification, a, of point• 
contact transistor versus emitter current, I, .. (BJ Col
lector characteristics of point-contact transistor. A-!: 
load line indicates approximate operating region 
during oscillations. (C) Collector current characteris
tics for different point-contact transistors of type 

1729, showing effects of temperature 



I. when different transistors are used, as shown in 
figure 1-223 (C). The temperature effects also re
quire consideration. An increase in temperature 
causes R, to become lower. In the case of "low
activity" transistora, this effect can easily be suffi
cient to stop oscillations. 

1-541. The frequency stability and sine-wave out
put of the transistor oscillator can be comparable 
to that of vacuum-tube vscillators. The oscillator 
in figure 1-222 was able to supply as much as 30 
mw to the load at a frequency of 184 kc. It was 
found that 0.8 watt less power was required to 
operate a transistor oscillator and amplifier than 
is required for an equivalent vacuum-tube circuit, 
and at least a 50-per cent greater saving should be 
possible. The consequent reduction in compart
ment heating, as well as in requirements of weight, 
space, etc, can be quite advantageous in small, 
compact units where several power-dissipating 
elements are packed closely together. 

JUNCTION TRANSISTOR 
CRYSTAL-FEEDBACK OSCILLATOR 

1-542. The basic collector-to-emitter crystal feed
back circuit shown in figure 1-222 requires a cur
rent amplification greater than unity, and there• 
fore is restricted to transistors of the point-contact 
type and to frequencies generally under 500 kc. 
When a crystal-feedback oscillator is desired using 
a junction transistor, or using a point-contact 
transistor at a frequency too high for alpha to be 
greater than unity, modifications must be intro
duced in order to obtain the required current am
plification. Perhaps the simplest solution is to 
employ a voltage-step-down (current-step-up) 
transformer. However, to simplify the discussion 
we shall treat the transformer-coupled transistor 
oscillator in a separate category. A more direct 
solution, and one that affords a more dependable 
oscillator insofar as the elimination of free
running oscillations iEI concerned, is to exploit the 
current amplifying characteristic of the parallel
tuned circuit. One branch of a tuned tank with a 
series-mode crystal i_nserted can be used as a feed
back circuit. One such circuit, where the collector 
output operates into the tuned tank, is shown in 
figure 1-224. This circuit was designed and tested 
during a Signal Corps research project* directed 
by B. J. Dasher at the Georgia Institute of Tech
nology. A simplified schematic iJlustrating the 

• Transistor o.~cillators of Extended Frequenc_y Range, 
Quarterly Report No. 6, by B. J. Dal!her, D. L. Fmn, S. N. 
Witt, Jr., W. B. Warren, Jr., and T. N. Lowry of the 
Engineering Experiment Station, Georgia Institute of 
Technology, Atlanta, Georgia-Department of the Army 
Contract No. DA-36-039-sc-42712. 
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necessary loop gain and loop phase conditions for 
oscillation is shown in figure 1-225. Assuming 
that the r-f emitter-to-base input impedance of the 
transistor is small compared with the external 
IO-kilohm shunting resistance, it can be seen that 
the feedback current ( I,li) through the crystal 
and the tank tuning capacitor must be approxi
mately equal to I,., the r-f emitter current, whose 
phase is taken as the zero reference. The exact 
phase conditions depend upon the alpha charac
teristics of the transistor. 

1-543. Figure 1-226 shows the alpha characteris
tics versus frequency of a typical CK-720 junction 
transistor as measured by Dasher et al at the 
Georgia Institute of Technology. Note the large 
lag (cf,) in the phase of I. with respect to I. as 
the frequency is increased. Alpha is the current 
gain under external collector-to-base short-circuit 
conditions. Its value is dependent upon the fre
quency but is otherwise independent of the par
ticular circuit external to the transistor. The col
lector circuit shown in figure 1-225 is, of course, 
not a short circuit, but is assumed to have an 
impedance very small compared with the internal 
collector-to-base impedance of the tr1;1.nsistor, so 
that to a first approximation the phase of the 
operating I.. is equal to the phase, cf,, of the short
circuit alpha. The phase lag, <f,, is due to the 
transit time of the transistor current carriers. It 
can be seen that if I, il, of the feedback arm of 
the collector tank in figure 1-225 is to have the 
same phase as I. /.1. 0 (B = 0), how nearly the 
tank is to be tuned to parallel resonance and 
whether the tuning is above or below resonance 
depend upon the phase of cf,, and that this in turn 
depends upon the frequency. At frequencies in 
the neighborhood of 400 kc, <f, has a value of 
approximately 80°. If it can be assumed that the 
reactance of the capacitor in the feedback arm is 
sufficient to cau~e the feedback current to lead 
the tank voltage by 80°, then fJ ~ 0 when the 
tank is operated at resonance. At small values 
of <f, (at low frequencies), the tank circuit tuning 
must deviate considerably from the parallel res
onant condition in order for B to equal zero. At 
very large values of <f, the loop phase relations 
approach the 180-degree inversion characteristic 
of vacuum-tube oscillators, with the circuit in 
figure 1-224 assuming certain similarities to a 
Pierce circuit. Since the magnitude of alpha be
comes very small as <f, becomes large, it may be 
necessary to introduce additional phase-shifting 
elements in order to ensure that the tank is oper
ated sufficiently close to resonance. (Actually, the 
practical solution would be to employ a transistor 
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Figure 1-224. Juncfion transistor cryslal-,eedback 
oscillator 
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Figure 1-225. Simplified equivalent circuit of ;unction 
fransisfor crystal-feedback oscillator, showing tuned 
tank in collector circuit for obtaining desired current 
amplification and loop phase shill for feedback to 
emitter input. For stable oscillations to be maintained 

especially fabricated for use at higher frequen
cies, as is discussed in the following paragraph.) 
The value of L in figure 1-224 is purposely made 
large so that the tank Q is sufficient to permit the 
necessary current amplification · over as wide a 
tuning range as is possible. With the crystal 
shorted out, the circuit was found to oscillate in 
a free-running state at frequencies as high as 2 
me, which is several times the alpha cutoff fre
quency. (The alpha cut off frequency is that fre
quency at which the short-circuit current gain is 
3 db below the d-c value of alpha.) With a crystal 
inserted, the upper frequency limit depends upon 
the crystal's effective resonance resistance. But 
the upper dependable frequency when employing 
Military Standard crystal units having element 
C or D characteristics appears to lie between 300 
and 400 kc. Frequency Control Branch engineers 
of the Fort Monmouth Signai Corps Engineering 
Laboratories do not recommend this type of os
cillator for general use because the operating 
stability is critically dependent upon the stability 
of alpha, whose phase and magnitude can be 
quite difficult to maintain constant under varia
tions of temperature and voltage. Nevertheless, 
the progressive development of h-f and v-h-f 
transistors of ever closer tolerances are rapidly 
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Figure J-227. High-frequency transistor oscillator 

increasing the frequency range over which junc
tion transistor oscillators of ail types can be 
operated below alpha cutoff-in which region un
stable transit time effects are less pronounced. 
For example, a modification of the circuit shown 
in figure 1-227 (a type that employs a parallel
tuned circuit for amplification of the feedback 
current), without crystal control, is already in 
commercial use. For a modified version of the 
oscillator in figure 1-224 designed to provide max
imum frequency stability, see paragraph 1-555. 

H-F TRANSISTOR OSCILLATORS 
1-544. The comparatively long transit time of the 
transistor has been a great handicap in applying 
the semiconductor amplifier in h-f and v-h-f cir
cuits. Although it is quite possible to demonstrate 
that transistors can operate satisfactorily in h-f 



crystal o.scillators, it is quite difficult to guarantee 
t_.at such circuits will operate dependably when 
the demonstration transistors and crystal units 
are replaced by others of the same nominal char
acteristics, unless close tolerances are assured. 
One of the few types of transistors for h-f and 
v-h-f application that is commercially available 
at the time of this writing is the Philco Surface 
Barrier transistor, SB-100, which is basically a 
specia] type of pnp junetion transistor designed 
for low-power, wide-band, h-f applications. Its 
unique fabrication process permits an above
average degree of uniformity in its low-power, 
h-f operating characteristics. The maximum de
pendable oscillation frequency of the SB-100 is 
rated at 30 me. This is the highest frequency at 
which any randomly selected transistor of this 
type can be expect.ed to show a power gain of at 
least unity. The highest frequency at which the 
a.verage SB-100 transistor can be expected to 
show a power gain of unity is 45 me. With se
lected SB-100 transistors, oscillators at limit fre
quencies of 70 me are possible. If these transis
tors are to be employed as amplifiers in oscillator 
circuits at frequencies above 20 me, the design 
engineer should speeify closer tolerances than 
those described for randomly selected units. Fig
ure 1-227 shows an osciJJator ~ireuit designed for 
operation in the 20-30-mc range. This oscillator 
will operate as a free-running circuit at its tuned 
frequency if the crystal is shorted across. The 
ratio of the useful oscillator output to the power 
supplied from the SB-100 collector voltage supply 
is given by the empirical equation 

f_. 
collector efficiency= 0.8 Jog111-f- % 1-544 (1) 
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where f-. is the highest frequency at which the 
oscillator in figure 1-227 will o.scillate (the fre
quency at which the circuit power gain is unity 
at starting amplitudes) and f is the operating 
frequency. Equation (1) assumes that the losses 
in the crystal unit are negligible; otherwise these 
losses should be interpreted as part of the "use
ful" oscillator output. 

NetJClllve-Resistanc:e TNlllists Osdllators 
1-545. Although the driving element of any elec
tronic oscillat6r can be described as a negative
resistance circuit, it is not customary to classify 
the oscillator, itself, as being of the negative-
resistance type unless the negative resistance is 
an inherent d--c, as well as an a--c, characteristic 
of the driving element. Among negative-resistance 
vacuum-tube osciUators, the transitron circuit is 
an example. Among transistor oscillators, the 
series-tuned-emitter circuit, such as that shown 
in figure 1-228, is an example. 

1-546. A negative-resistance characteristic can be 
obtained between any two terminals of a point
contact transistor by allowing the amplified cur
rent to flow through a feedback resistance of 
such magnitude that the feedback voltage pro
duced is more than sufficient to compensate for 
any change in the input voltage. Alpha must be 
greater than one, so that the negative-resistance 
circuit is not applicable for a single-stage junction 
type of transistor, nor, for that matter, for a 
point-contact transistor except at the lower fre
quencies. The negative-resistance characteristics 
of the emitter input in a common-base circuf t, 
such as that shown in figure 1-228, is generally 
superior to a tuned-collector negative-resistance 

POINT-CONTACT 
TRANSISTOR 
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I l I 
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~ t av NEGATIVE· I = Re P = -'-:RESISTANCE Ve 
I ate INPUT I 
I l I 
I I I 

l : l 
: : 
1....--0 o---J 
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TUNEO·EMITTER 
CIRCUIT 
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NEGKIWE • RESISTANCE 
CIRCUIT 

Figure 1-221. 1vn•d-•mltlet negative-resistance circuit. Essential features are that alpha be greater than vnily, 
the infftfion of an external resistance, I&, in the common-base drcvit to increase the colledor-to-emitte, energy 
feedbaclr; and for osdllafions to bvild vp, the elfedive posifive resistance, I., of the tuned-emitter drcvit must 

be less, numerically, than the negative resistance, at the emitter input 
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mode of operation insofar as osciliator stability 
is concerned. Figure 1-229 shows a typical emitter
to-base characteristic curve for the circuit in fig
ure 1-228, where the emitter voltage is plotted as 
a function of emitter current. The slope of this 
curve equals the dynamic resistance of the input. 
(By "dynamic resistance" we mean the instan
taneous resistance, dv./di., for an infinitesimal 
change in voltage and current at any given point 
on the curve, as opposed to the "static resist
ance," equal to v./i., the total voltage divided by 
the total current at any given point on the curve.) 
T!-ie negative slope between points A and B rep
resents the negative-resistance zone of the emit
ter circuit. If the tuned circuit shown in figure 
1-228 is connected to the emitter input and the 
rheostat is adjusted so that the transistor is 
biased to operate at point O on the v.-i. curve, 
oscillations at the resonance frequency of the 
emitter LC circuit will build up provided that the 
magnitude of the positive resistance, R., of the 
external circuit connected between terminals 1 
and 2 is less than that of the negative resistance 
presented by the transistor at the same terminals. 
As oscillations about point O build up, the positive 
peaks of I. swing toward the positive-going slope 
region at the bend of the curve, so that the ef
fective negative dynamic resistance decreases, 
and amplitude limiting is achieved. Constant
amplitude oscillations are reached when the ef
fective dynamic impedance looking into the 
emitter-base terminals is exactly equal and oppo
site in sign to the impedance of the external 

t 
•• 

A 

Figure 1-229. Typlcat po/nf-confacf emitter vottage 
curve plotted as a function of the emitter current when 
the transistor is common-base connecfed and the 
voltage is measured to include the additional feed
bade voltage developed across an external base re• 
sistance, Rb, as indicated in figure J-228. The cuttent 
scale is greatly amplified to the left of point A. The 
slope of the curve equals the dynamic input resist
ance. The negative-resistance region thus lies along 

the negative slope between points A and B 
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emitter-base circuit as faced by the input ter
minals, 1 and 2. If we assume that the bias
control resistance can be neglected and that the 
current and voltage at the fundamental frequency 
are approximately in phase, then we can say that 
the condition for stable oscillations is that 

1-546 (1) 

1-547. Figure 1-230 shows the values obtained for 
p for a particular 1768 type transistor when the 
externally connected resistors Rh and R, are 800 
ohms and 2700 ohms, respectively. The emitter 
bias current is constant. The horizontal scale rep
resents the rms a-c value of the emitter current. 
Since the magnitudes of p and R, are equal after 
oscillation equilibrium is reached, it can be seen 
that the curves in figure 1-230 can be used to 
predict the limiting amplitude of oscillation as the 
external emitter-to-base resistance R, ( = -p) is 
varied. The curves indicate that if a low
frequency series-mode crystal is connected across 
the transistor input, oscillations can be expected 
to build up as long as the resonance resistance of 
the crystal unit is not greater than a few hundred 
ohms. Not many types of low-frequency Military 
Standard quartz crystal units have such small 
values of resonance resistance. Exceptions are the 
precision G-element crystal units CR-39/U and 
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-200 

Rb•800 OHMS 

Re •2700 OHMS 

0.2 0.4 0.6 
I• - MILLIAMPS. 

0.8 1.0 

Note: The Wentern Electric type transistor .shown nlwve 
and the one following are experimental prototypes whose 
production has been discontinued. Similar electrical char
acteristics can be obtained by using Western Ji!lectric 
trana,istor types 'lN/1!1, /l!N110, and GA-52897, which are 
commercially available, but solely for the use of the U.S. 
Armed Services and their contractors. 

Figure 1-230. Negative input resistance of the circuit 
shown in figure 1-228, plotted as a function ol the 
a-c component of the emitrer current for three repre
sentative values of collector-to-base d-c voltage. The 
emitrer is biased ot approximately point O a• shown 
in figure 1-229. Measurements were mode by Dosher, 
Finn, and Jones of the Georgia Institute of Technology 



· CR-40/U, which have maximum effective reso-
nance resistances of 150 ohms in the 160-250-kc 
range and of 600 ohms in the 250-330-kc range. 
The resistance deviations of these crystal units 
are rated at not greater than 33 per cent of the 
maximum permissible values-that is, maximum 
deviations of 50 ohms and 200 ohms, respectively, 
for the 160-250-ke range and the 250--330-kc 
range. No data is available concerning their per
formance in negative-resistance transistor cir
cuits, but from the curves of figure 1-230 wide 
variations in the amplitude must be expected 
when replacing one crystal unit with another 
unless special steps are taken to control the gain 
of the transistor circuit. Whereas a 33 per cent 
change in crystal resistance can generally be con
sidered negligible in the average vacuum-tube 
oscillator, this much resistance deviation in the 
negative-resistance tuned-emitter oscilJator can 
cause a · proportionally much larger percentage 
change in the output amplitude. 
1-548. Figure 1-231 is a schematic diagram of 
the equivalent a-c circuit of the tuned-emitter 
circuit. The parami!ters r., r,. and r. represent 
the impedances of the equivalent T network of 
the transistor at low frequencies and small ampli
tudes, conditions under which the equivalent im
pedances can be assumed to be approximately 
linear and purely resistive. The amplifying prop
erties are represented by the constant-current 
generator, a I •. In analyzing this circuit two equa
tions suffice for defining the state of operation at 
oscillation equilibrium. Following the analysis 
developed by B. J. Dasher et al in Transistor Os
cillators of Extended Frequency Range, we find 
that one equation can equate the over-all voltage 
drop around the emitter-base loop to zero; the 

CURRENT 
GENERATOR 

re 'c 
rb 

l re 
fuc-lel Re 

tc 
Fl9ure J-231. Equiv01lent a•c circuit of tuned-emitter 
ne9ative-resi1tance oscillator. For crystal control, L, 
C, and R, can be interpreted as being the series-arm 

parameters oi a crystal unit 
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second equation can equate the over-alJ voltage 
drop around the collector-base loop to zero. On 
combining these equations and separating the 
real and complex parts, two additional equations 
are obtained. The complex part gives the loop 
phase requirement, which serves to determine the 
frequency: 

f 1 
21rVw 

1-548 (1) 

(That the complex part would reduce to the form 
shown ln equation (1) could virtually have been 
predicted simply from a qualitative inspection of 
the circuit.) The real part gives the loop gain 
requirements and can be expressed as an equilib
rium equation for alpha: 

(
r. + R. + r, + R.\(rc + Rr) 

a rh + Rh -; re 

+ r. + R, 
re 

1-548 (2) 

If we assume that r,. is much greater than all of 
the other resistance parameters, equation (2) 
can be reduced to the approximate equation 

~ b t > r. + R. + r. + R, 
a~ u rh + Rh 1-548 (3) 

Note that equation (3) requires that the transis
tor current gain at equilibrium be slightly greater 
than the ratio of the total resistance of the emit
ter-base loop to the total feedback resistance of 
the base as illustrated in figure 1-231. The reader 
should not confuse r., r,,, or any of the other 
positive resistance values in figure 1-231 with the 
effective negative resistance of the input circuit. 
The equivalent effect of the negative-resistance 
characteristic is provided by the current generator. 
1-549. If desired, the operating voltages of the 
base-feedback point-contact transistor can be so 
adjusted that the negative resistance appears in 
the collector rather than in the emitter circuit, 
and oscillations can be controlled by connecting a 
series-mode crystal in the collector circuit. The 
equivalent tuned-collector circuit is shown in 
figure 1-232 (A). A sample collector-controlled 
circuit which was tested , at 50 kc is shown in 
figure 1-232(B) •. This circuit, as reported by 
B. J. Dasher, exhibited a negative resistance suf
ficient to drive a 40,000-ohm crystal unit. Al-

* To avoid confusing free-running oscillators with their 
crystal-controlled counterparts, it has been suggested by 
Frequency Control Branch engineers at SCEL that when 
a crystal unit replaces a "tuned-emitter" or a "tuned
collector" LC circuit, the oscillator be designated, re
spectively, as being "emitter-controlled" or "collector• 
controlled." 
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figure 1-232. lAJ Equivalent a-c circuit ol tuned-collector negative-resistance oscillator. for crystal control, L, C, 
and Re can be interpreted as being the series-arm parameters of a crystal unit; IBJ Crystal-controlled tvned
colledor negative-resistance oscillator. The parallel tuned tank is inserted in the base circuit in lieu of a resistor 

in order to obtain negative resistance values in excess of 40,000 ohms 

though negative resistance values of 50 kilohms 
are possible at d-c potentials, these values drop 
rapidly with increasing frequency, and may be 
only a few hundred ohms at 100 kc. The tuned-

. collector (and collector-cont:rolled) circuit is gov
erned by exactly the same loop equations that 
apply in the case of the tuned-emitter (and 
em1tter-controlled) circuit, which are given in 
the preceding paragraph ( equations 1-548 (1) 
and (2) ). However, the degradation of the crys
tal Q in the collector-control1ed circuit is gener
ally greater than in the emitter-controlled circuit, 
so that the latter permits the higher frequency 
stability. Because the tolerances required for 
good stability are difficult to obtain with point
contact transistors neither circuit, to Signal 
Corps knowledge, has been developed to the point 
that it could be recommended for general use. 

Transistor Oscillators Usi11CJ Parallel-Mode 
or High-Impedance Series-Mode Crystal Ulllts 
1-550. Since transistor negative-resistance oscil
lators require values of alpha greater than unity, 
they are generally limited to frequencies less than 
500 kc. The negative-resistance circuits previ
ously discussed place the crystal directly across 
the negative-resistance terminals. Yet at low op
erating frequencies it is difficult to fabricate crys
tal units having resonance resistances of magni
tudes small enough to permit oscillations to start. 
For this reason, it may be more practical to 
connect the crystal unit across a high-impedance 
pair of point-contact transistor terminals and to 
insert a series-resonant LC circuit, or other low 
impedance, across the low-impedance negative-
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resistance terminals. Such a circuit will not ex
hibit (to the crystal circuit) the negative
resistance characteristic under d-c conditions-
only in the neighborhood of the crystal fre
quency--and so is not conventionally classified 
as a negative-resistance oscillator. However, the 
operating principle is the same. Six o~illators 
of the high-impedance type are shown in figure 
1-233. All the circuits shown (but not including 
the crystal load capacitances indicated by dotted 
lines) are the inventions of Everett Eberhard 
and Richard Endres of RCA, U. S. Patent 2,670,-
436. A. common feature of these oscilJators is that 
the bias currents are so selected that the elec
trode to which the pie2oelectric crystal is con
nected is made to present a high dynamic imped
ance, to match the high impedance expected of 
the crystal unit. A resonant LC circuit is con
nected to another electrode of the transistor, the 
tuned LC resonant frequency being approxi
mately equal to the crystal frequency. Each cir
cuit is designed to provide positive feedback• 
sufficient to maintain oscillations. A high imped
ance can be obtained at the crystal-connected 
electrode of the transistor by adjustment of the 
bias current at any one of the three electrodes. 
Figure 1-233 (G) shows typical curves of the 
resistance that would be faced by the crystal unit 
between each terminal and ground as a function 
of the collector bias current, i,. In circuits (A), 
(B), (C), and (D) of figure 1-233, where either 
the base or the collector impedance must match 
that of the crystal unit, the transistor is operated 
near point a on the i, scale. In circuits (E) and 
(F) of figure 1-233, where the emitter input 
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Figure J-233. (Al to Cf} Transistor oscillator circuits designed for high-impedance crystal control; (GI Variation of 
equivalent network resistances of point-contact transistor as a function of collector current. Point A is the high
impedance region of the base and collector electrodes, and point 8 that of the emitfer electrode, ,~, re, and '• 

ore not drown to the some scale 

impedance must be high, ic is adjusted to a value 
near point b in figure 1-233 (G). In all the 
circuits of figure 1-233, the collector is operated 
with a relatively large reverse bias, and the 
emitter with a relatively small forward bias. 
1-551. The exact operating point of the crystal 
unit in the Eberhard-Endres oscillators is not 
specified in the patent claims. The inference is 
that the crystal unit is operated near antires-
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onance, since it is assumed to be a high-impedance 
element. However, the resonance resistance of 
v-1-f crystal units may well be greater than 
100,000 ohms, and even the resonance resistance 
of an m-f crystal may be several kilohms : hence, 
it appears that at the low frequencies at which 
the point--contact transistor oscillators normally 
operate, the crystal units in the circuits of figure 
1-233 are not restricted to a particu tar mode of 
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resonance, but operate near series resonance as 
long as they show a sufficiently high impedance. 
If it can be assumed that the crystal unit and 
each of the tuned circuits are operating approx
imately as pure resistances, the gain require
ments for sustained oscillations, except in circuit 
(D) which has an additional feedback element, 
are the same as those given by equation 1-548 (2) 
for the negative-resistance oscillators. This can 
be seen intuitively by noting that all the circuits 
obtain their necessary positive feedback by vir
tue of a high-impedance common-base circuit. In 
cfrcuits (A) and (B) of figure 1-233, the imped
ance of the crystal unit can be taken as the 
approximate value of Rb in equation 1-548 (2). 
Since Rs can assume a resonance or an antireso
nance value, either of which could conceivably 
satisfy the loop gain equation, it would appear 
that these two circuits might have tendencies to 
jump frequencies. No experimental evidence is 
available, but very possibly the dependability of 
such oscillators could be improved by employing 
parallel-mode crystal units directly shunted by 
suitable load capacitances, as indicated by the 
dotted-line connections. In practice, a proper se
lection of the reactive elements in each circuit, 
such as the r-f choke across the crystal unit, may 
well be entirely sufficient to ensure that a high
impedance crystal will operate at resonance rather 
than at antiresonance. In circuits (C) to (F) of 
figure 1-233 maximum feedback occurs when the 
crystal resistance is a minimum, so that only the 
series-resonance mode of the crystal unit need be 
considered. In other words, the loop gain condi
tions could not be satisfied with practical values 
of alpha if the extremely high antiresonance 
impedances of a low-frequency crystal unit were 
substituted for the values of Re Ol' R. in equation 
1-548 ( 2). Nevertheless, it is conceivable that a 
parallel-mode crystal unit, shunted by its rated 
load capacitance, could also be applicable in these 
circuits if desired. For a given set of operating 
1•oltages and· circuit parameters, however, only 
one mode of crystal operation can sustain stable 
oscillations. Whether the stable mode is series or 
parallel depends upon whether the limiting action 
is current- or voltage-controlled, respectively. 
(See paragraph 1-590.) An output from any of 
the circuits in figure 1-233 can be obtained at 
any of the transistor electrodes. Where maximum 
sine-wave purity in the output is desired, the 
circuit parameters should be selected so that the 
equilibrium value of alpha is only slightly less 
than the starting value of alpha, so that the 
amplitude remains as small as possible. Also, the 
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output harmonic content is greatly reduced if 
the output is taken from a parallel-tuned circuit 
having a small L/C ratio, as is done in circuits 
(C), (D), and (E). In circuit (D), additional 
feedback is obtained by the insertion of Rr, which 
may have any value from zero on up. For opti
mum operation the d-c resistance of the r-f choke 
in the emitter circuit should be less than Rr, Cir
cuit (D) can be considered a transistor equivalent 
of a crystal-controlled Hartley oscillator by view
ing the emitter, collector, and base as the cathode, 
plate, and grid, respectively, of the vacuum tube 
in the Hartley circuit. Note in circuit (F) that 
the emitter bias battery is shown with its polar
ity in the reverse direction. This does not mean 
that the emitter is operated with reverse bias, 
but simply that the large forward bias provided 
by the d-c voltage drop across Rs must be par
tially cancelled to obtain the proper operating 
bias. 

Transformer-Coupled Transistor Osclllators 
1-552. Figure 1-234 shows schematic diagrams 
for three experimental transformer-coupled tran
sistor oscillators designed and tested by Dasher, 
Jones, and Witt at the Georgia Institute of Tech
nology. The average frequency deviation of each 
of the three circuits for variations in the power 
supply is given below in table 1-552 ( 1). 

1-553. An elementary transformer-coupled circuit 
is shown in figure 1-234 (A). Circuit (B) is a 
modified version of (A) that was found empiri
cally to provide better frequency stability during 
changes in the applied voltage. The turns ratio 
of the transformers in circuits (A) and (B) are 
not specified, but presumably the ratios are 1 : 1. 
The transistor used is a point-contact type with 
an alpha greater than unity at the operating fre
quency of l,O kc. Circuit ( C) is a 400-kc oscillator 

Frequency Deviation 
Bias Circuit (Parts Per Million Per Bias 

1 Per Cent Change in Variable Constant 
Voltage) 

(A) 1.2 Ee i. 
(A) 0.7 E. ic 
(B) 0.25 to0.8 E. 
(C) 0.0013* E. 

Table 1-552 (1). Frequency stability data for circuits 
shown in figure 1-234. 

• This small frequency deviation is obtainable only 
when Ri, is adjusted for optimum bias compensation. See 
paragraph 1-555. 



that can be adju:ited to provide excellent fre
queney stability against changes in the supply 
voltage. Also, by the proper adjustment of the 
variable capacitor C, the current through the 
sl).unt ca~citance of the crystal unit can be ef
fectively cancelled insofar as the transistor input 
is concerned. The circuit is effectively. a capaci
tance-bridge oscillator in which all the trans
former feedback signals ate annulled in the input 
circuit except those that pass through the series 
arm of the crystal unit, which of course is effec
tively an open circuit except at resonance. The 
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Fi9vre J-234. Transformer-coupled transistor 
oscillators 
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principal adjustment for minimizing the devia
tion in frequency during fluctuations in the volt
age supply is that of the base resistance, Rb. For 
each crystal unit and transistor a particular 
value of R. will provide maximum frequency sta
bility. The reason for this appears to be due 
to the compensating influences of simultaneous 
changes in emitter and collector bias currents. 
See paragraph 1-555 for a more detailed discus
sion of this bias compensation effect. 
1-554. Each of the circuits shown in figure 1-234 
exhibits a fair, but not exceptional, frequency 
stability under changes in temperature, with cir
cuits (B) and (C) being somewhat the superior 
in this respect. The transformer-coupled transis
tor oscillators are generally less frequency stable 
under changes in temperature than are the re
sistive transistor circuits. An additional disad
vantage is that the transformer-coupled circuit 
has greater-than-average tendencies to break 
into free-running oscillations, particularly if the 
shunt capacitance of the crystal unit is large. On 
the other hand, an important advantage of the 
transformer coupling is the increase possible in 
feedback gain. This makes it possible to operate 
at lower voltages, at higher frequencies, with 
junction transistors, and generally with smaller 
values of alpha than otherwise . 

Frequency Stabilization In Transistor Oscillators 
By Bias Compensation 

1-555. Figure 1-235 shows the frequency charac
teristics of the oscillator in figure 1-224 when 
the collector and emitter voltages are varied. 
Note that where an increase in collector voltage 
causes an increase in frequency, an increase in 
the emitter voltage causes a decrease in fre
quency. This property of the circuit suggested to 
its designers that by a proper choice of emitter 
and collector voltages the circuit could be fre
quency-stabilized against fluctuations iJl the volt
age source. From figure 1-235 it can h,· seen that 
if the emitter voltage is to vary linearly with the 
collector voltage, the voltage-compensating circuit 
must operate in a region where the intersections 
of the emitter voltage curves with the horizontal 
constant-frequency lines are evenly spaced. A cir
cuit designed for this mode of operation is shown 
in figure 1-236. Figure 1-237 shows the fre
quency-voltage characteristics of the compensated 
circuit for two values .of the resistance R. Note 
that this mode of operation is a transistor ana
logue of the "class D" mode of operation de
scribed for vacuum-tube oscillators in paragraphs 
1-298 and 1-342. 
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COLLECTOR SUPPLY VOLT AGE 

Figure 1-235. Deviation of frequency with the collec
tor supply voltage for various values of emiffer sup
ply voltage. Test oscillator circuit i1 the same as that 

shown in llgure 1-224 

1-556. The adjustment of the frequency-stabilized 
oscillator depends upon the resistance of the 
crystal unit. A circuit adjusted for maximum 
stability with one crystal unit may be relatively 
unstable when a replacement crystal of the same 
type and nominal frequency, but of different r&
sistance, is inserted. This might be expected, since 
the resistance of the crystal affects the amplitude 
of oscillations as well as the phase-shifting Q of 
the feedback circuit. A complete theoretical anal
ysis of the relations among the stability param
eters has not been attempted, and no doubt would 
prove quite complex. But one of the more impor
tant factors affecting the frequency stability is 
the harmonic content of the oscillations. Any 
change in the wave distortion, such as would 
occur with a change in amplitude due to a change 
in crystal resistance, would be sufficient to shift 
the fundamental frequency (see paragraph 1-596) 
to a point where the circuit may no longer be 
self-compensating. 
1-557. Figure 1-238 shows a simple feedback os
cillator tested by Dasher and Witt at the Georgia 
Institute of Technology. The values of the param
eters were selected to provide maximum fre-
quency stability for a particular transistor and 
crystal unit. Figure 1-239 shows how the fre-
quency of this oscillator changed with a 20-volt 
change in supply voltage. That a number of crys
tal units having approximately the same resist
ance caused different effects in the frequency 
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figure 1-236. frequency-stabilized circuit for single 
baffery supply 
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Figure 1-237. Deviation of frequency with changes in 
supply voltage for two value, of I in circuit shown in 

ffgure 1-236 
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figure 1-238. Crystal-feedback 01clllafor in which the 
resistance parameters hove been selected empirically 
to provide maximum frequency stqbilliation for tfte 

particular 400-lcc crystal unit and point-contact 
transistor being used 
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figure 1-239. ftequency deviation of circuit shown in llgvre 1-238 for a given change in supply voltage at 
various vaf;,es of crystal resistance 
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figvre J •240. Modification of the crystal-feedback 
oscillator of figure J-238 to provide greater freqvency 
stability hy providing 9reater amplitude stability with 
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figure 1-241. Voltage waveform after clipping of 
both peaks by diode rectifiers 

stability apparently is due to differences in crys
tal resonance frequency, shunt capacitance, and 
L/C ratios from one crystal to the next. By dif
ferent adjustments of the circuit resistances, it 
was nevertheless possible to obtain a maximum
stability point for each crystal. 
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1-558. As explained in paragraphs 1-596 to 1-598, 
a distorted waveform tends to lower the funda
mental frequency of an oscillator. Since the dis
tortion is normally due to the nonlinear amplitude
limiting parameters, any change in the other 
resistance losses of the circuit will cause the 
amplitude to change, and hence the amount of 
distortion to change. For, example, if the re.sist
ance of the crystal unit decreases in the oscillator 
in figure 1-238, the feedback increases and the 
transistor will be operated farther into the bend 
of its volt-ampere input curve. This means 
greater distortion and harmonic content, and 
hence a shift to a lower fundamental frequency, 
where the stability characteristics of the circuit 
will probably be changed. To reduce this change 
in circuit performance when replacing transistors 
or crystal units, the double-diode clipping modifi
cation shown in figure 1-240 has been designed 
and tested by Dasher and Witt. The diodes cJip 
both peaks of the oscillator output as indicated 
in figure 1-241, and thus, as long as the amplitude 
is sufficiently high, the dist;ortion of the wave
form remains relatively constant. The circuit 
requires an alpha of at least 2 in order to oscil
late. Generally, what changes that do occur in 
the frequency stability are more significant when 
a crystal unit is replaced than when a transistor 
is replaced. Although the unadjusted performance 
of the circuit is inferior to the performance of 
the circuit in figure 1-238 when the latter is 
adjusted for a particular transistor and crystal 
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unit, the diode clipping does provide superior 
frequency and amplitude stability as compared 
with the average performance of the unclipped 
circuit when the latter is adjusted only for opti
mum performance with an average crystal unit. 
The measured frequency deviations of the diode
clipped circuit for 10 different crystal units 
ranged from 0.1 to 0.05 parts per million per· 1 
per cent change in voltage. 
1-559. Where maximum ampiitude and frequency 
stability is desired to be relatively independent 
of the particular transistor and crystal unit, it 
may be necessary to operate the transistor on the 
straight portions of its characteristic curves and 
to obtain the limiting from slowly responding 
devices such as thermistors or a-g-c circuits. Such 
methods permit the oscillator to operate with 
approximately linear rather than barmonicaJly
varying circuit parameters and do not require 
distortion for limiting. Nevertheless, 'these meth
ods involve the introduction of additional com
ponents that usually deprive the transistor cir
cuit of its principal advantages of compactness 
and low power and hence should be avoided if 
possible. 

PACKAGED CRYSTAL OSCILLATORS 
1-660. The great strides made in the field of elec
tronics during the past two decades have so rap
idly multiplied the diversity and complexity of 
electronic applications in commercial and military 
equipments that the problem of adequate main
tenance has become a major national concern. 
One aspect of the problem has been the steadily 
growing trend to eliminate maintenance on a 
part-by-part basis; that is, to eliminate the time
consuming type of trouble-shooting that traces a 
faulty system to the exact defective part, such 
as to a particular resistor or capacitor. For this 
purpose it is necessary that electronic equip
ments be designed as an assemblage of packaged 
units, in which each unit can be as readily re
moved, tested, and replaced as is now possible 
in the case of vacuum tubes. This cannot be 
achieved unless the circuit being separately pack
aged actually operates as a functional unit. It is 
also paramount that the packaged unit be stand
ardized; otherwise, by definition, there can be no 
standard nor rated tolerances by which the unit 
can be tested. The standardization is equally 
important as a means to encourage production of 
commercially available packaged units of known 
operational characteristics, so that design engi
neers can concentrate more of their attention 
upon new system design and application instead 
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of repeatedly retracing the basic circuit prob
lems for each new equipment. In the special field 
of aircraft and guided-missile equipment, an 
additional requirement of the packaged unit is 
that, as much as possible, it be miniaturized. As 
a consequence of these factors, the crystal indus
try is faced with a growing demand for standard
ized, miniature packaged crystal oscillators-each 
of which can be treated simply as a black box, so 
that when plugged into a circuit connecting to a 
specified power supply and output impedance, it 
will supply a radio-frequency signal of a given 
nominal frequency, purity, and power level within 
specified tolerances. 
1-561. The standardized packaged oscillator is 
still in the developmental stage. Indeed, it is 
probably more accurate to say that it is still in 
the stage of basic research, insofar as the stand
ardization is concerned. Here and there one may 
find an oscillator fabricated as a packaged unit 
which has been designed for use in a particular 
equipment, but with one or two exceptions (see 
paragraphs 1-571 and 1-672), packaged crystal 
oscillators are not generally available in the com
mercial market as standard components for gen
eral-purpose applications. Current research in 
the field of packaged crystal oscillator standardi
zation has primarily been spurred by USAF 
Wright Air Development Center, in large part 
due to the urging and initiative of E. H. Borgelt 
of the Frequency Control Group, and an initial 
investigatory stage has been centered at the Illi
nois Institute of Technology Armour Research 
Foundation. When eventually packaged oscilla
tors are fully available, we can expect that the 
interests of radio equipment designers will be 
more attracted to the problems of designing sys
tems around standard crystal oscillator units . 
rather than designing oscillators around standard 
crystal units. 

The Gnaen Packet-OsdllGtor Serles 

1-662. In 1954-1966 initial steps of a USAF re
search project were taken at the Armour Re
search Foundation under the direction of H. E. 
Gruen• to develop a series of miniature, plug-in, 
crystal-controlled, vacuum-tube oscillators which 
could be standardized to cover the frequency 
range of 0.8 to 76 me at operating tolerances 
suitable to meet a majority of the USAF fre
quency-control requirements. The first phase of 

• Dev11lopment of Packet Oscillator Series, H. E. Gruen, 
Armour Research Foundation of illinois Institute of 
Technology, USAF Contract. No. AF 38 (616)-2125, 
1954-55. 



the project was a comprehensive investigation of 
the frequency-control applications of a large 
sample of radio sets currently in use by the 
USAF. It was found that 80 to 90 percent of the 
frequency-control requirements within the 0.8--
75-mc range could be met economically by three 
conventional circuits, each designed for three 
bands, or a series of nine standard oscillators in 
all. It does not require this many separate oscil
lator circuits simply to cover the necessary fre
quency range, but it is desirable to have the 
recommended operating band of each circuit suf
ficiently narrow so as to avoid having to make 
critical tuning adjustments. For the same reason 
the circuits are not designed for specialized opti
mum operating characteristics within each band, 
but are intended only to provide a useful output 
consistent with the minimum requirements of 
accuracy and stability of the average frequency
control circuit used by the military. 
1-563. The primary purpose of the packet-oscil
lator project has been to develop a sequence of 
plug-in circuits that can serve as models for 
establishing an initial set of oscillator Military 
Standards having the oroadest practical toler
ances. Once a beginning set of standards is agreed 
upon, it is to be expected that electronic manu
facturers of packaged oscillators will introduce 
their own design modifications in meeting these 
standards--modifications which may lead to more 
rigid standards to supplement the broader stand
ards . for special applications. For example, the 
need may arise for an oscillator having a mini
mum deviation in frequency with ambient tem
perature, or with time, or in having a minimum 
tolerance in output amplitude, or in having a 
maximum possible output for given load condi
tions, or in having a minimum harmonic content, 
and so on ad infinitum with all possible combina
tions of electronic, physical, and operational spe
cial requirements. From a Military Standards 
point of view it is not the interior design of the 
oscillator that need or should be officially speci
fied, but only what the unit can do or be or re
quire in relation to the mechanic-thermodynamic
electronic system in which it is to be mounted. 
In this way a manufacturer is not discouraged 
from developing an improved packaged oscillator 
that can do an equivalent job more economically 
or better than the original standards model. 
1-564. On the other hand, from an economically 
practical point of view, the Gruen packet series 
can profitably serve as unofficial standar<ls inso
far as the designs of the various oscillators are 
concerned-economical since the circuits used in 
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these units have known performance character
istics, which, of course, would meet any Military 
Standards based upon them. The circuits them
selves are conventional, designed to be used with 
Military Standard crystal units. Any standards 
established for packaged oscillators based upon 
the Gruen series will, of course, be no more rigor
ous than those already established for the crystal 
units being used. 
1-565. The Gruen packet series employs three 
basic oscillator circuits: the grounded-plate 
Pierce, the electron-coupled grounded-plate 
Pierce, and the cathode-coupled Butler circuit. 
The two Pierce-type circuits are both used to 
cover the same frequency range of 0.8 to 16 me. 
The Butler circuit is designed to cover the higher 
range of 10 to 75 me. The electron-coupled circuit 
is recommended as an alternate in the lower fre
quency range when the input to the following 
stage is a tuned circuit, or whenever a minimum 
degree of coupling is desired between the crystal 
oscillator and the succeeding ·stage. 

GROUNDED-PLATE PIERCE PACKET 
(0.8 TO 16 MC) 

1-566. Figure 1-242 is a picture of the miniature 
packaged Pierce oscil!ator designed as a plug-in 
unit by Gruen to cover the 0.8-16-mc range. 
This range is covered in three bands; A schematic 
diagram of the basic circuit and the values of 
the parameters for each of the three bands is 

Figure 1 -242. Miniature plug-In (standard octal baHJ 
Pierce oscillotor (0.8 to 16 md developed at Armour 
Research Foundation by H. E. Gruen et al., as an 
initial basic packaged oscillator unit to be standard-

ized lor military use 
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shown in figure 1-248. Figure 1-244 shows the 
output voltage versus frequency for each of the 
three hands, and figure 1-245 shows the crystal 
drive in milliwatts versus frequency. These per
formance charts, prepared by J. S. Kurinsky of 
Armour Research Foundation, are based upon 
measurements made under no-load conditions. 
The range of values at each. frequency is repre
sentative of the variations in output and crystal 
drive to be expected due to typical variations in 
crystal resistance. Thus, the bottom (lowest out
put and lowest crystal drive) curves of each of 

Frequency Band Re RK C, 
(me) (kilohms) (kilohms) (µ.p.f) 

0.8-5 1000 3.9 15 

3-11 100 2.0 16 

f,-16 47 1.5 15 

Cfl--18/U c::, 

c. c. LK B+ 
(µ.p.f) (µ.p.f) (mh) (volts) 

10 47 7.0 76 

10 47 0.8 100 

10 36 0.3 100 

Note: The value of c. is chosen so that proper operation is obtained when this circuit operates into a load of 16w,.f. Wiring 
capacitance increases the values of C,, C,, and Ca by the following amounts: 

C,: 6.5µ.p.f 
c,: 8.5 µ.µ.l 
c.: 10 w,.f 

figure 1-243. Schematic: diagram and parameters of the grounded-plate Pierce circuit of Gruen packet series 
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Figure 1-244. Typical output voltage and voltage fo#erances ol the grounded-plate Pierce circull of Gruen paclcet 
series. These voltages were mea11ured under no load conditions except for the connection of a 15-p.pl capaci

tance acro11 the output to insure a corred etfedive load capacitance for the crystal unit 
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figure 1-245. Typical drive levels and operating tolerances to be expected for crystal units conneded in the 
grounded-plate Pierce circuit of Gruen packet series. The valuH shown assume no resistance losses ill the 

output load 

the bands should not be interpreted as represent
ing the output and crystal drive when crystal 
units of maximum permissible resistance are in
serted in the circuits. The performance charac
teristics for maximum-resistance crystals are 
fairly closely approximated by the bottom curve 
of the high band; but the highest-resistance 
crystal units used in the low-band measurements 
had resistance values only one-half to one-fourth 
the permissible limits. Note in figure 1-242 that 
the external mounting of the crystal unit and 
vacuum tube permits a ready replacement of 
either without diminishing the advantages of the 
packaged unit. The metallic clasp appearing to 
shield or support the vacuum tube is actually 
inserted as a thermal conductor to prevent over
heating. A tuning element, in the form of a screw 
adjustment for Ca (in figure 1-243), is provided 
to ensure that the correct load capacitance (32 
,,_,,_f) is across the crystal unit. The parameters 
indicated for C3 are based on the assumption that 
the external load will introduce an additional 
15 p.p.f in parallel with Ca, If not, Ca must be 
adjusted to give the ·proper total. Ca can also be 
used as a. trimmer adjustment in the event of 
crystal aging. The frequency stability of the 
Pierce packet as a function of the plate voltage 
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Figure 1-246. Drawing of miniature pl11g-in lsland
ord octal baseJ eledron-coupled Pierce oscillator 10.1 
fo 16 mcJ developed at Armour Research Foundation 
by H. E. Gruen et al., as an initial basic packaged 

oscillator unit to be standatdind lot military vse 
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Fr<'(Juency Re RK R1 R. R. c, c. c. c. C, LK B+ 
Rand (me) (kilohms) (kilohms) (kilohms) (kilohms) (kilohms) (µµf) (µ.µf) (µµf) {µµ.f) (µµ.f) (mh) (volts) 

0.8-5 1000 3.9 100 30 10 15 10 130 1000 1000 7.0 125 

3 11 100 2.0 100 30 10 15 10 62 1000 1000 0.8 150 

5-16 47 1.5 100 30 10 15 10 51 1000 1000 0.3 150 

Wiring capacitance increases the values of C,, C,, and C, by the following amounts: 
C1: 5.5 µ.1,f 
C,: 3.5;,µf 
c.: 10 µµf 

Figure 1-241. Schematic diagram and parameters of the electron-coupled, grounded-plate Jtierce circuit of 
Gruen pocket series 

supply is rated at 2 to 3 parts per million per 10 
per cent voltage change. 

ELECTRON-COUPLED PIERCE PACKET 
{0.8 TO 16 MC) 
1-567. Figures 1-246, 1-247 and 1-248, respec
tively, show a dimensional drawing, the sche
matic diagram, and the output-voltage charac
teristics of the electron-coupled packaged unit. 
The output curves are representative of a typical 
group of crystal units, the same group that was 
used in plotting the performance of the Pierce 
oscillator as shown in figures 1-244 and 1-245, 
and, hence, are not intended to represent the en
tire output tolerance to be expected when crystal 
units of minimum resistance are replaced by 
those of maximum resistance. The tuned-output 
curves were obtained by replacing Ra with a 
plate tank that was then tuned for maximum out
put at the fundamental. The fundamental fre
quency remains stable within 2 to 3 parts per 
million as the plate circuit is tuned throughout 
its range. The frequency stability as a function 
of plate supply voltage is 2 to 3 parts per million 
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per 10 per cent voltage change. Note in the sche
matic diagram that the suppressor grid is con
nected to be operated at the same bias as the 
cathode, but is r-f bypassed to ground through 
c~. This arrangement permits much greater inde
pendence of the frequency-control circuit from 
the plate load tuning, and therefore, smaller 
frequency-deviation limits. 

CATHODE-COUPLED BUTLER PACKET 
{to TO 75 MC) 
1-568. Figure 1-249 shows a dimensional drawing 
of the packet design of a Butler circuit which has 
been tested in three bands to cover the over-all 
frequency range of 10 to 75 me. Figure 1-250 is 
a schematic diagram of the circuit, with the 
parameters given for each of the three bands. 
Figure 1-251 shows the output voltage deviation · 
to be expected from a typical group of crystal 
units. No data is available at this writing of the 
exact range of crystal resistance that is repre
sented by the output curves, nor by the crystal
drive curves shown in figure 1-252. Very prob-. 
ably the bottom curves in each of the figures, 
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Figure 1 ~248. Typical output voltage and voltage tol
erances of lhe electron-coupled, grounded-plate 

Pierce circuit of Gruen packet series 

particularly in the high band, are approximately 
representative of crystal units having the maxi
mum permissible values of resistance. Figure 
1-253 shows the difference, in parts per million, 
betwllen the series-resonance frequency of the 
crystal unit as measured in a CI meter and the 
operating frequency of the same crystal unit 
when connected in the Butler circuit, as measured 
by different operators at repeated tunings to peak 
output voltage. This circuit-frequency deviation 
should be added to the nominal frequency toler
ance of the crystal unit in order to evaluate the 
over-all frequency tolerance of the packaged 
oscillator. For a 10 per cent change in plate sup
ply voltage the stability of the oscillator unit is 
within 1 to 2 parts per million in the 10~20-mc 
range, 3 to 4 parts per million in the 20--40-mc 
range, and 4 to 5 parts per million in the 40-75-
mc range. 
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Figure 1-249. Miniature plvg-in (stondard octal baseJ 
cathode-coupled Butler oscillator 00 fo 75 mcJ de
veloped ot Armovr Research Foundation by H, E. 
Gruen et al., as an initial basic packaged oscillator 

unit to &e standardized for military use 
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Frequency R, R. Re Cr Co Cg c, B+ 
Range (me) (ohms) (ohms) (kilohms) (µµf) (fff) {µ.µ.f) (µ.µ.f) Volts Note4 

10-20 1000 1000 10 470 100 4.7 15 100 

20-40 1000 660 10 470 100 4.7 15 100 

40-75Note3 1000 270 10 470 100 1.5 15 100 

Note 1: Inductance L, is tuned to resonate with C, at the operating frequency. 

Note 2: All test results were obtained with the oscillator working into a 5000-ohm load. 

Note 3: At frequencies of 40 me and higher, an inductance which resonates with the static capacitance of the crystal 
should be used to prevent unwanted oscillation. A low value of Q is desirable; coils wound on 1500-ohm composi
tion resistors perform well. 

Note 4: The value of 15 µ.,.f for C, include:, stray wiring capacitance. 

figure 1-250. Schematic diagram and parameters of the Butler circuit of Gruen packet series 
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Figure 1-251. Typical output voltage and voltage tolerances of the Sutler circuit of Gruen packet series when 
operating into a 5000-ohm load 
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figure 1-252. Typical drive levels and operating tolerances to be expected for crystal units connected in the 
Butler circuit of Gruen pocket series. The values shown assume o 5000-ohm lood resistance 
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Figure 1-253. Typical frequency tolerances to be expeded of crystal unifs connected in Butler circuit of Gruen 
pocket series. The deviations plotted are deviations ol the peak-output operating frequency from the series
resonance frequency of the individual crystal unit os measured with a Cl meter, and ore nof deviations from 
the rated nominal frequency of the crystal unit. Thus, the overall tolerance to be expected of such an oscillator 
must be the total of the crystal unit nominal frequency tolerance plus the expected operating resonance toler-

ance, the latter being indicated by the measured deviation above 
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ac:kaged Crystal-Controlled Transistor 
Oscillators 

1-569. Transistor circuits are ideally suited for 
miniaturized packaged units. Eventually, when 
transistors, especially those in the h-f range, are 
being manufactured with closer tolerances, it is 
to be expected that a majority of the packaged 
oscillators will be of transistor design. Almost 
certainly will this be true of those units designed 
to be temperature controlled since the heat dissi
pation of the transistor is so mu\!h smaller than 
that of the vacuum tube, and hence less of a 
factor in causing unwanted temperature gradi
ents in an oven container. Research in the direc
tion of developing standardized transistor pack
aged oscillators is being initiated by the U. S. 
Air Force. At the present writing the only infor
mation available concerning the development of 
any type of transistor packaged oscillator is the 
experimental model developed at the National 
Bureau of Standards, discussed in the following 
paragraph, and the temperature-controlled min
iature units already being manufactured by the 
James Knights Company, discussed in paragraphs 
1-571 and 1-572. 
SULZER MINIATURE PACK-4GED 
TRANSISTOR FREQUENCY STANDARD 
1-570. A complete packaged 100-kc frequency 
standard with a self-contained power supply is 
shown in figure 1-254. This oscillator unit was 
developed by Peter G. Sulzer of the National 
Bureau of Standards. Although the primary pur
pose of the NBS project was to develop a pocket-

100 0"b"r J 

1001< 

size, self-sufficient frequency standard, the result 
provides an admirable illustration of the possi
bilities in packaged design. A G-element is em
ployed for frequency control, and as can be seen, 
the dimersions of the crystal unit comprise about 
half of the total volume. Power is supplied from 
a mercury cell, which, of course, would not be a 
necessary feature if the oscillator unit were 
adapted for use as a general-purpose plug-in 
component for precision frequency control. A 
grounded-emitter junction transistor is used. Ca
pacitors C2 and Ca form a voltage attenuator in 
the feedback circuit to reduce the voltage applied 
across the crystal unit. The relatively large values 
of the capacitors connecting to the terminals of 
the crystal unit serve to stabilize the feedback 
phase. All the circuit elements except the crystal 
unit and the mercury cell are supported in casting 
resin on a plastic frame. The mercury cell is at 
the base. The oscillator is packaged in a metal 
container (not shown), 7 inches by 1¾ inches. 
The osci1lator has a frequency deviation no greater 
than 1 part in 108 per degree C change in temper
ature, or 1 part in 108 per 0.1 volt change in bat
tery supply. 

COMMERCIALLY AVAILABLE PACKAGED 
CRYSTAL-CONTROLLED TRANSISTOR 
OSCILLATORS 

1-571. A pioneer in the field of miniaturized pack
aged oscillators has been the James Knights Coin
pa_ny. Their research team composed of R. Ives, 
C. Reynolds, R. Beetham, R. Berge, C. Eickeberge, 

_22K 100 

Figure 1-254. Small, portable, packaged transistor crystal oscillator developed by P. G. SuJzer of National Bureau 
of Sta ndards. Unit is provided with mercury-cell power supply shown a,- right. Metal con tainer is not shown 
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et al appears to have been the first in this coun
try's electronics industry to have developed mini
ature, temperature-controlled, plug-in crystal os
cillators available for general-purpose use.* Three 
oscillator units have been developed at this date 
which employ transistor circuits and are designed 
for mounting within small crystal ovens. One unit 
is a multichannel h-f oscillator which can be pro
vided with a bank of up to 11 h-f crystal units 
mounted, together with its oscillator circuit, with
in a rotary switch. This assembly can plug into a 
crystal oven, or into an external octal socket, or 
it can be panel-mounted. When oven-mounted, the 
entire package occupies a cylindrical volume ap
proximately 3% inches in diameter and 5 inches 
high. The crystal units are of a subminiature, 
evacuated, glass envelop€: type, which operates at 
frequencies of 6 me and higher. Insufficient data 

• The Electronic Engineering Company of California 
has also pioneered a packaging technique finding applica
tion in small plug-in oscillator cfrcuits. The EECO Pro
duction Company fabricates a plug-in, vacuum-tube, pack
aged oscillator circuit (see accompanying figure) designed 
for crystal control in the 90-to-250-kc range. A crystal 
unit is not supplied as a component part of the packaged 
unit, nor is temperatm·e control provided. The circuit is 
a cathode-coupled Butler· type. No tuned circuits are em
ployed, so that an externally connected crystal unit will 
operate at its fundamental mode. The output under no
load conditions is rated at approximately 14 volts rms. 
The recommended load-impedance range is 100,000 to 250,· 
000 ohms. The power requirements ai·e a plate supply of 
200 volts de between pins 1 and 2 at 3.,~ ma., and a 
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exists to provide a complete technical description 
of the performance of the oscillator. 
1-572. Of greater immediate interest are the two 
miniature oscillators that are mounted within a 
cylindrical plug-in oven of unusually high stabil
ity, the dimensions of which are shown in figure 
1-255. There are no switching arrangements, 
there is only one crystal unit to a package, and 
each is soldered to its circuit. The low-frequency 
circuit is shown in figure 1-256, and the high
frequency circuit, in figure 1-257. Evacuated, 
glass-envelope crystal units are employed to im
prove the aging characteristics. The 1-f circuit is 
essentially a crystal-controlled multivibrator. Its 
output is a square wave which can have a 4- :fo 
5-volt peak. The h-f circuit has approximately a 
sine-wave output, 0.8-volt peak with a 6-volt sup
ply. At 1 me the measured deviation in frequency 

heater supply of 6.3 volts at 300 ma. The d-c potential 
of the heaters relative to pin 2 must be between plus 90 
and minus 70 volts. The circuitry is mounted in the bot
tom of the unit, the vacuum tube at the top. The weight 
is approximately 3.25 oz. A standard octal base is pro· 
vided. A screw cap at the bottom permits the unit to be 
readily taken apart and assembled. The tube shield is 
removable to permit easy replacement of the vacuum tube. 
The finish is grey baked enamel. No information can be 
given concerning the tolerances and stability of the oscil
lator since it has not been designed for use with a spe
cific crystal unit. For use w,th some Military Standard 
units it might become m·cessary to reduce the plate supply 
voltage in order to avoid opei-ating the crystal beyond its 
rated drive levf'I. 
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Figure 1-255. Dimensions of minialure, cylindrical, 
temperalure-controlled, transistor plug-in oscillator 
developed by James Knights Company. Packaged unit 

is provided with a standard octal base 

was 9 cps when the supply voltage was changed 
from 6 to 4.5 volts. A 2-mc test oscillator has 
shown an operating stability of 1 ppm over a 
period of several weeks, but sufficient time has 
not elapsed for these oscillators, so recently de
veloped, to be tested thoroughly for operating life 
and aging characteristics. The ovens in which the 
oscillators are mounted require a maximum of 1.5 
amperes at 6.3 volts. The crystal temperature is 
maintained within plus or minus 1 °C over an 
ambient range of -55° to +70° C. The assembled 
package is equipped with a standard octal base. 

Standards for Packaged OKiUGtors 

Many of the problems associated witk tke stand
nrdization of electronic oomponents appear to defy 
solutions that satisfy designer, fabricator, dis
tril1Ufor, consumer, and repairer alike. As a re
sult, the subj<ict of standardization, itself, is often 
a controversial issue. After discussing a number 
of the confiicting points of view with different 
associates in the crystal industry, it seemed to the 
u•ritn that perhaps some indirect good might re
sult if the1;;e points of view, as applicable in tke 
standardization of packaged oscillators, were as
sembled on paper where they might more easily 
be .~nm in relation to one another. For this reason, 
the di,<1c1tSsion from paragraphs 1-578 to 1-581 
detour.-;; somewhat from the domain of technical 
fact into an area more representative of individual 
opinion. The reader interested only in the tech
nical aspects of packaged oscillators can disregard 
these paragraphs. 

ADVANTAGES OF STANDARDIZATION 
1-573. The primary advantages of standardized 
packaged oscillators, as of other standard pack-
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Figure 1-256. Schematic diagram of crystal-controlled 
transistor circuit employed in James Knights packaged 
low-frequency no to JOO lccJ oscillators. Square wave 

output is rich in harmonics 
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Figure 1-251. Schematic diagram of crystal-controlled 
transistor circuit employed in James Knights m-1 and 
h-1 10.1 to 10 mcJ oscillators. lelolively pure sine-

wave output 

aged units, can be described as those of economy: 
a. It is an economical saving for research and 

design departments to avoid having continually to 
assign and train engineers in the special design 
theory and developmental techniques of oscillator 
circuits; this saving can be achieved if there are 
commercially available oscillator units of known 
operational characteristics capable of meeting all 
normal frequency-control requirements. 

b. It is more economical for equipment manu
facturers to assemble a given oscillator circuit in 
a fixed manner as a separate unit, regardless of. 
the different types of equipment in which it is to 
be used, than by fabricating the oscillator as an 
integral part of a much larger network where spe
cial production procedures are required to make 
the electrical and physical connections conform to 
each different chassis layout. 

c. It is more economical for maintenance de
partments to replace defective oscillators as plug-



in units than to find, educate, break in, and pay 
highly trained technicians to troubleshoot and re
pair them; to say nothing of the additional man 
hours saved by avoiding the necessity of having to 
store and distribute each oscillator part sepa
rately. 

d. Consequently, it is an economical saving to 
the consumer, who ultimately must bear the costs 
of the research, design, development, fabrication, 
and maintenance. In addition, the consumer can 
also profit from the longer life of the oscillator 
due to the extra prctection provided by the pack
age design, particularly if the container is her
metically sealed. 
PROBLEMS OF ST,4NDARDIZATION 
1-574. Standardization has its dangers as well as 
its advantages. The dangers arise both from too 
much standardization, and from not enough 
standardization-from freezing the design of an 
item so thoroughly that the development of im
proved models is discouraged, and from having 
such ambiguous and unsystematic standards that 
many of the advantages are lost. Over-standardiz
ation is most apt to result from the understand
able resistance of maintenance and repair organ
izations to having endlessly to contend with an 
ever expanding jumble of different models of 
every description. Under-standardization is most 
apt to result from the equally understandable re
sistance of the manufacturer in committing him
self to rigid technical standards that slow his pro
duction line, or limit his freedom to experiment 
wjth new techniques and designs. Both too much 
and .too little standardization can suffocate tech
nical progress. In the particular case of packaged 
oscillators, much thought is being given for the 
establishing of a system of standards that avoids 
the pitfalls of both extremes. 
If Standards Are Too High 
1-575. Over-standardization appears to exist at 
three different levels. When the standards are too 
high; when they are over-emphasized; and when 
they are too restrictive. The least offensive are the 
standards that are too high. Indeed, the effort to 
meet exceptionally high standards is usually a 
spur to the development of new inventions and 
new techniques. Where the product cannot be 
fabricated with profit, it simply is not produced; 
so that the problem has a way of working out its 
own solution. 
ff Current Standards Are Overemphasized 
1-576. Over-empnasis of the importance of keep
ing the number of available models of a given 
component to a minimum is probably the most 
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frustrating bugaboo that a pioneering manufac
turer can face when he seeks official acceptance of 
a new design. It is true that standardization does 
and should discourage the development of new 
models that offer no improvement over the cur
rently available standards, since such develop
ments are effectively only a waste of engineering 
talent. But it should not discourage the develop
ment of improved models, which unfortunately 
does happen when the immediate problems arising 
from -a new adjustment are emphasized ahead of 
the long-range advantages of a maximum rate of 
technical progress. It would seem that, if from 
the beginning, a standards program were planned 
that would anticipate the systematic development 
of improved models and higher standards. even 
to the extent of reserving pigeon holes for its 
eventual achievement, the advantages of stand
ardization could be increased. For it appears that 
standardization of engineering products, in es
sence, is only a means of making known to the 
engineer exactly what is available. J f the stand
ards for packaged oscillators can be systemati
cally organized at the start so that the develop
ment of new products can readily be placed in 
their anticipated categories, without disturbing 
the old standards or changing the cataloging sys
tem, then only the duplication of physical and 
functional characteristics need be discouraged in 
the development of new models. 
lf Slandard..q Are Too Restrictive 
1-577. Generally it is better to risk too much 
standardization than not enough, and because of 
this, probably the most difficult type of over
standardization to pinpoint is that in which too 
many of a component's characteristics are stand
ardized. The problems that arise become particu
larly harassing when the committee controlling 
the standards are under strong pressure to keep 
the number of standard components to an abso
lute minimum. Under these conditions every newly 
developed component is considered primarily as a 
replacement of an older model, rather than as a 
new model, to compete with the old only for use 
in equipments of new design. For example, in the 
matter of standardizing crystal holders, experi
ence has shown that considerable resistance is met 
when it is desired to gain official acceptance for 
any new design which in the future could replace 
an existing standard design, even though the new 
design is of proven superiority. If a plastic or 
metal container is standard for a given size of 
holder, reasons arise for delaying new standards 
for a superior metal or glass container, respec
tively. If an odd-shaped base has been standard-
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ized, it is very difficult even to gain acceptance for 
a standard octal base in an otherwise equivalent 
holder. · 
1-578. If a long delay is generally to be expected 
before new models can be standardized, or if the 
number of standard items must be kept to an 
absolute minimum, some of the difficulties facing 
production engineers are often avoidable when 
care is taken in establishing only those standards 
that specify the function that a particular item or 
unit is to perform in relation to any system in 
which :tis to be used-not how the function is to 
be achieved, unless the manner of achievement in 
some way affects the design of the external sys
tem or the cost of maintenance and repair of the 
system as a whole. Why, for example, should the 
maP.ncr in which a crystal is mounted inside its 
holder be standardized, if there is no intention to 
repair defective units? If a crystal unit can meet 
all the required physical, eiectrical, and opera
tional relations to the exterrial system, what dif
ference does it make how this is accomplished? 
1-579. In regard to packaged oscillators, it is to 
be hoped that sufficient performance tests can be 
devised to eliminate the need for standards gov
erning the internal design of the package. Unless 
the crystal unit is to be replaceable in the field, or 
is to have an outside mounting, as in the case of 
the Gruen package, it should not be necessary to 
specify the type of crystal unit employed. Indeed, 
what clifference can it make to the user of two 
packaged units, identical insofar as their external 
characteristics are concerned, if one contains a 
crystal-controlled oscillator and the other a little 
imp turning a crank? As long as either controlling 
source is confined completely within its container 
and works dependably within the rated tolerances, 
the performance standards need not be concerned 
with whether the control is piezqelectric or meta
bolic. In the case of the crystal-controlled circuit, 
if the crystal unit is to be mounted inside the 
package container, as would be the case in a tem
perature-controlled unit, a manufacturer should 
not be required to use a Military Standard crystal 
unit if he can meet the oscillator requirements 
more satisfactorily with another type of crystal 
mounting or holder. (We assume that the oscil
lator standards will not require that the crystal 
unit be replaceable in the field. Such a specifica
tion for a completely packaged unit would mean 
that one of the primary advantages of packaging 
is being wasted-that in the case of breakdown, 
instead of replacing the packaged unit, the inten
tion is to service it.) Also, it may be preferable to 
solder the crystal unit in place, than to depend 
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upon a plug-in connection, since the former 
method usually permits a more stable circuit. A 
properly fabricated crystal unit can generally be 
depended upon to last as long as the useful life 
of the equipment in which it is to be used, so no 
objection to the soldered connection should arise 
except in special applications. For example, the 
specification for a plug-in crystal unit could be 
important when mounted outside the package, as 
in figure 1-242, where it can readily be replaced 
without disturbing the packaged unit. Such an 
arrangement should prove desirable if the same 
oscillator is intended to operate at more than one 
frequency where space does not permit a switch
ing arrangement capable of mounting and con
necting all the required crystals, so that these 
must be inserted manually in the field as the need 
arises. Also, the plug-in arrangement becomes im
portant when the operating life of the crystal unit 
is expected to be much shorter than that of any 
other part of the packaged unit; or if the operat
ing life of the entire unit is to be of relatively 
short duration. In any event, it would seem that 
progress in the development of packaged oscilla
tors will be promoted better if the standards in
itially established are confined to specifying what 
the packaged oscillators are to be able to do under 
specified external conditions and do not tend to 
limit the ways in which the functional specifica
tions are to be achieved, even if at the time the 
standards are established there appears to be only 
one way in which the desired function can be 
achieved. 
Avoidance of Ambiguous Standards 
1-580. If too much standardization vexes pri
marily the manufacturer of the standardized item, 
too little standardization scatters its headaches 
chiefly among those that must use the item. Par
ticularly sensitive to the uselessness of ambiguous 
specifications or generalized advertising claims 
concerning a component is the design or develop
mental engineer who wishes to approach his cir
cuit problems scientifically, yet who cannot do so 
unless he knows quantitatively exactly what he is 
putting into his circuit. To the engineer, a set of 
standards sufficiently rigid and dependable for 
predictable design and replacement purposes is 
equivalent to a set of rigid production line tests, 
since a unit cannot be guaranteed to pass certain 
specifications unless at least a representative 
sample has been tested to meet the specifications. 
Furthermore, since the performance of a unit · 
depends upon the conditions under which it is 
operated, it is often of little help to a design 
engineer to specify exactly what a unit can do un-



less accompanied by equally exact data concerning 
the conditions under which the rated performance 
takes place. 
1-581. As applied to packaged oscillator units, it 
is highly desirable that a systematized set of 
standard operating conditions be established 
simultaneously with a systematized set of per
formance standards. Otherwise, each oscillator 
may have to be adjusted for optimum perform
ance in the particular equipment in which it is to 
be used. The ideal standard oscillator need not 
and should not be adjustable by either the equip
ment production line technician or by the equip
ment operator in the field. Too many variables are 
present. If adjustable, all tolerances must be rated 
as the maximum to be encountered over the ad
justable range. If the equipment in which the unit 
is used can permit such tolerances, then there is 
no need to adjust the unit in the first place. A 
plausible exception would be the case of a small 
trimmer capacitor to offset the effects of aging 
in high-precision systems. Another exception 
would occur if it were practicable to design a unit 
with marked adjustment points at which the tol
erances could be separately specified. For example, 
one adjustment setting could indicate a point of 
maximum output amplitude, another a point of 
maximum amplitude stability, another a point of 
maximum frequency stRbility, etc. But to the ex
tent that the adjustments made by the user are 
not definitely predictable, the advantages of stand
ardization are lost. It would be preferable for the 
manufacturer of the packaged units to make the 
adjustments and assign different model numbers 
where the same circuit had significant perform
ance differences. 
PRINCIPAL OSCILL.4.TOR 
CHARACTERISTICS TO BE STANDARDIZED 
1-582. Packaged oscillator characteristics that 
should be standardized can be grouped in two 
categories-physical and electrical. The former 
concerns primarily the mounting requirements 
and limitations ; the latter covers the operating 
requirements and performance characteristics. Of 
the physical characteristics the most important 
are the conventional items such as dimensions, 
weight, shape, provisions for mounting, ambient 
temperature range, mechanical ruggedness as 
measured by well-defined tests, moisture resist• 
ance, seal test, operating life of thermostat, if 
any, and so forth. Of the more important electrical 
characteristics there are the operating require
ments and permissible· tolerances of such items as 
input voltages, currents, and power, the test load 
impedance, ground connections, and the like; also, 
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there are the performance characteristics to be 
specified for the standard test conditions. These 
performance characteristics include the follow
ing: output fundamental frequency; db· level of 
nearest harmonics relative to fundamental; equiv
alent emf and impedance of oscillator, when 
viewed as an impedance in series with a generator, 
at the fundamental frequency and at any useful 
overtones; output waveform; frequency and am
plitude tolerances; frequency and amplitude devi
ations over input voltage range and over operat
ing temperature range; frequency deviation over 
permissible load tolerances; and frequency and 
amplitude deviations permissible after the unit is 
subjected to the various aging and mechanical 
tests. 

EFFECT OF CRYSTAL RESISTANCE ON 
PACKAGED OSCILLATOR STANDARDS 
1-583. Even in those packaged oscillators in which 
a Military Standard crystal unit is not to be speci
fied, the most economical fabrication process will 
probably require the use of such a unit, or at least 
one that has electrical tolerances equivalent to 
those of a standard unit, since the oscillator 
standards will undoubtedly be originally estab
lished on the basis of oscillators of known opera
tional characteristics employing Military Standard 
crystals. In establishing the oscillator standards 
it is important that account be taken of the ful) 
variation in output level and frequency to be ex
pected due to the range of the equivalent resist
ance of the crystal unit between its maximum 
permissible and minimum expected values. Like
wise, it is important that the developers of the 
packaged oscillators test their circuits over the 
expected crystal resistance range to ensure that 
the oscillator standards are met throughout the 
range. Generally it is only the maximum resist
ance conditions that must be specifically tested. 
If the design engineer does not have maximum
resistance crystal units available, these can be 
simulated in making the laboratory t~sts. 

Simulating Maximum-Resistance Crystal Units 
1-584. First, the equivalent resistance of the 
crystal unit being used in the test circuit must be 
measured with the aid of the appropriate CI 
meter. If the test circuit employs a serief!-mode 
crystal unit, simulating a maximum-resistance 
crystal is readily achieved by connecting in series 
with the crystal a resistance of such a value that 
the total resistance is equal to the maximum per
missible. If the test circuit employs a parallel
mode crystal unit, the simplest method is to em
ploy a strategem devised by John W. Sherman, Jr. 
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of General Electric Co.* A high resistance is con
nected in parallel with the crystal unit. The value 
of this resistance is chosen so that the power 
losses of the actual crystal unit and of the resist
ance in parallel have a combined value equal to 
the losses that would occur if the crystal unit 
were of maximum resistance. Assuming that 
the impedance of the crystal unit is approxi
mately equal to its effective reactance, x., which 

in turn is approximately equal to _Cl , where .... 
c. is the rated load capacitance and .., is the 
angular frequency, then the current through the 
crystal unit in both the actual and the maximum
resistance case would be approximately equal to 
E, ... c., E. being the voltage across the crystal 
unit. Letting R • ., equal the maximum permissible 
resistance, R. equal the actual effective resistance 
of the crystal unit, and R. equal the value of the 
shunting resistance, we set the power losses in 
the hypothetical crystal unit of maximum resist
ance equal to those due to the actual R. and R.: 

(EcwC.) 2 Rem (Ec ... C,)2 R. + E.2/R. 
From which the equation for R. is obtained. 

1 
R. = 2c 2 (R R) 

W x em- e 

FACTORS INVOLVED IN OSCILLATOR LIMITING 

1-585. The characteristics of any oscillator are 
dependent to a large extent upon the degree and 
type of amplitude limiting employed. The factors 
involved are especially significant in the case of 
crystal oscillators because the variations in crys
tal-unit effective resistance tend to introduce ·.fide 

* This method for effectively increasing the resistance 
of a parallel-mode crystal unit, although independently 
devised and tested successfully over a range of 1.5 to 
51 me by J. W. Sherman for the express purpose of test
ing the design fitness of particular oscillator circuits, is 
also reported by engineers of the Signal Corps Engineer
ing Laboratories to have been used in their Frequency 
Control Branch for. several yea1·s for measuring crystal 
activity in various test sets. During World War II a jig 
was df'vised that provided the crystal unit with an 
adapter and a variable shunt resistance. Effectively, the 
devi<'e was a means of readily degrading the activity of a 
test crystal unit to some predetermined marginal value. 
For example, by adjusting the shunt resistance, a given 
effective marginal resistance could be indicated when the 
drive level of the test circuit reached a certain value, 
Knowing the t()tal effective resistance, the load reactance, 
and the shunt resistance, it would be a simple matter to 
<'ompute the effective resistance of the crystal unit alone. 
The use of such a jig and test circuit can offer an advan
tage over the method described above for simulating 
maximum-resistance crystal units, if the process is to be 
repeated frequently enough to justify their construction. 
With the test-cir<'uit activity indicator calibrated in 
terms of maximum-resistance values, the shunt resistance 
of the jig can be adjusted immediately to its desii-ed value 
without computation or having to actually measure the 
crystal unit 1·esistance. 

WADC TR 56- f56 370 

variations in the amplitude of oscillation when 
different crystal units of the same type and fre
quency are substituted in the same circuit. The 
method of limiting also affects the type of crystal 
unit to be used, whether it is to be a series- or a 
parallel-mode unit. Directly dependent upon the 
limiting method will be the harmonic content in 
the oscillations. Upon the degree of harmonic dis
tortion will depend the tuning of the circuit, so 
that any deviations in the limiting characteristics 
are reflected as instabilities of frequency as well 
as of the amplitude. In the foJlowing paragraphs 
we shall discuss these factors briefly; but first, 
the reader may find it helpful to review paragraph 
1-232, in which the crystal oscillator, as a gener
alized negative-resistance circuit, is discussed. 

Nec_aative-Resistcace Limiti119 

1-586. In paragraph 1-232 we found that when a 
crystal oscillator is represented as a series
resonant negative-resistance circuit (figure 1-108 
(B) ) , oscillations continue to build up as long as 

the numerical ratio I -fi. I is greater than 1. When 

the oscillator is represented as a parallel-resonant 
negative-resistance circuit (figure 1-108 (C) ), 
oscillations build up as long as the numerical ratio 

~I is greater than 1. Now, in figure 1-108, both 

the series-resonant and the parallel-resonant neg
ative-resistance circuits are intended to represent 
the same crystal oscillator, one that employs a 
parallel-mode crystal unit. Let us modify our in
terpretation ·of the series-resonant circuit to let 
it represent any series-resonant circuit containing 
a crystal element. That is, we shall treat X1 as 
the reactance of any load capacitance actually 
connected in series with the crystal unit, as is the 
case, for instance, in a CI-meter circuit connected 
for parallel-mode crystal control. We shall also be 
free to assume that X, and XI each equals zero, 
in which case the circuit is equivalent to a series
mode crystal unit connected across the terminals 
of a negative resistance equal numerically to the 
series-resonance resistance of the crystal unit. As 
far as the parallel-resonant negative-resistance 
circuits shown in figure 1-108 are concerned, we 
shall continue to consider them as representing 
an actual parallel connection of a crystal unit and 
it.'i load capacitor driven at parallel resonance by 
a negative resistance, p. In other words, we wish 
simply to make it clear that the generalized series
resonant circuit represents an actua1 series-reso
nant circuit, and that the generalized parallel-



resonant circuit represents an actual parallel
resonant circuit. 
1-587. In order for oscillations to build up and 
reach a stable equilibrium in the series circuit, we 
see that the negative-resistance device must have 
the property of automatically decreasing its nega
tive resistance as the amplitude of oscillations in
creases. The negative-resistance device of the 
parallel circuit must have the opposite property; 
that is, its negative resistance must increase as 
the amplitude increases. Literally, these opposing 
requirements mean that the same device used as 
a negative resistance in the series circuit cannot 
be used in the parallel circuit, or at least not with 
the same operating characteristics, and vice versa. 
By the term "neg&tive resistance" used in this 
context, let it be plain that we mean a two-ter
minal network which, when connected across the 
crystal circuit, behaves exactly as an automati
cally variable resistor does, except that the nega
tive resistance supplies energy rather than dis
sipates it. The act of connecting a negative resist
ance across a crystal circuit does not in itself 
generate a voltage and current for driving the 
circuit. Of course, a signal generator used to 
force-drive the circuit can be treated as a virtual 
negative resistance mathematically to simplify a 
network analysis, but that is not a "passive" type 
of resistance such M we are concerned with here. 
The voltage across, or the current through, a pas
sive resistance (negative or positive) is not as
sumed to be self-generated by that element, but 
rather is the response of the resistance to the 
actions in the rest of the circuit. In an oscillator 
circuit, the initial action is the random thermal 
motions of the free electrons; the negative resist
ance reacts to this at the same energy level, the 
remainder of the circuit reacts to the negative
resistance reaction, the negative resistance reacts, 
in turn, to this, and so on until the energy builds 
up. At all times the frequency, amplitude, and 
phase of the negative-resistance voltages and cur
rents are under the control of the external circuit. 
1-588. As long as the oscillations are building up, 
part of the energy being supplied by the negative 
resistance is being stored by the circuit. As far 
as the negative resistance is concerned, the. stored 
energy is equivalent to lost energy, so that process 
can be represented by the addition of equivalent 
resistances in the generalized circuits. Figure 
1-258 shows the generalized negative-resistance 
circuits with the equivalent "energy-storing" pos
itive resistances. In the series circuit, the instan
taneous value of R •• is defined by the equation: 

R.. IP• i - R. 
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Figure 1-258. Equivalent circuit during build-up period 
of generalized negative-resistance crystal oscillator. 

fAI Series-mode circuit (81 Parallel-mode circuit 

In the parallel circuit, the in::itantaneou:c; value of 
R. .• is defined by the equation : 

Note that for the oscillations to build up in the 
series circuit, the total effective positive resistance 
(R. + R.,) must be greater at the start and dur
ing the build up than when equilibrium is reached. 
How much greater, of course, will depend upon 
the difference at each instant between the nega
tive resistance and the true circuit resistance. For 
oscillations to build up in the parallel circuit, the 

total effective positive conductance ( ~" + R:) 
must be gr0ater at the start and during the build 
up when the equilibrium is reached. The value of 
the additional conductance will at each instant 
equal the difference between the negative conduct
ance and the actual tuned-circuit conductance. 
1-589. Clearly, for oscillations to build up in the 

two circuits, the respective resistance ratios I a:I 
and I-;' I must be greater than unity at the start 

of oscillations. Also apparent should be the fact 
that these ratios will equal unity when equilibrium 
is reached. This means that the respective nega
tive-resistance devices must permit P• to decrease 
and p to incr0ase as the amplitude of crystal oscil• 
lations increases. But suppose that the devices 
which produce the negative resistances in the two 
circuits are switched. What then? If the new 

starting ratios,/ i~I and I !: i are less than unity, 

no oscillations can begin; but if these ratios are 
equal to or greater than unity, oscillations can 
start, but they cannot attain a stable equilibrium. 
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Figure 1-259. Typical negative-resistance devices and characteristics. (AJ Transistor emitter current-controlled 
negative resistance lBJ Tronsilron voltage-controlled negative resistance 

Exactly what actions might result from the un
stable conditions would depend upon the particu
lar circuit and negative-resistance device. 

Current• and VoltcKJe-Controlled 
Neciative-Resistance Characteristics 

1-590. Figure 1-259 shows volt-ampere charac
teristic curves of two representative negative
resistance devices. (A) shows a typic.al transistor 
emitter characteristic, whereas (B) shows a typi
cal transitron characteristic. The negative-resist
ance property is confined to those regions of the 
curves with a negative slope, as !abeled between 
points A and B. When either of the devices is 
operated in the negative-slope region, an incre
mental increase in one of the variables will be 
accompanied by an incremental decrease in the 
other variable. Thus, in (A) at a point C between 
A and B, if the current increases by a very small 
amount, di, the voltage will decrease by an 
amount, dv. The ratio, dv/di, is the dynamic re
sistance at the point in question, which in this case 
is negative since dv and di are opposite in sign. 
This does not mean that the total resistance, v /i, 
is necessarily negative, but simply that the resist
ance to a small variation in current is negative. 
It is the resistance to be met by a amall a-c signal 
superimposed on the direct current indicated at 
point C. In curve (A), the slope at each point is 
equal to the dynamic resistance at that point; in 
curve ( B) the slope is equal to the dynamic con
ductance at each point. 
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1-591. Note that for curve (A), one and only one 
value of voltage corresponds to each value of cur
rent. That is, the voltage is a single-valued func
tion of the current. However, note that for a given 
value of voltage in curve (A), there exist three 
possible values of current. The current in this 
case is thus a multivalued function of the voltage. 
In curve (B), the current is a single-valued func
tion of the voltage, but the voltage is a multi
valued function of the current. Where a negative
resistance characteristic is present, at least the 
voltage or the current must be a multivalued func
tion of the other. Theoretic.ally both can be, but in 
practical devices one of the parameters will be a 
single-valued function of the other. That the other 
must be multivalued is self-evident when we con
sider that a volt-ampere characteristic having a 
continuous negative slope would imply an infinite 
capacity to supply energy. For some value of cur
rent and voltage any electronic device can be made 
to show a positive resistance. But' wherever a 
characteristic curve would show a change from 
negative to positive resistance, the bend in the 
curve will require that one of the parameters, v 
or i, repeat its values as the other continues to 
increase. 
1-592. The characteristic curve, the emitter cir
cuit, and the negative resistance indicated in fig
ure 1-259 (A) are c.alled current-controlled, since 
the voltage is uniquely determined by the current. 
The transitron circuit and its characteristics in 
figure 1-259 (B) are c.alled voltage-controlled, 



since the current is uniquely determined by the 
voltage. 

1-593. Imagine that the devices illustrated in fig
ure 1-259 are to be used in crystal oscillator cir
cuits. The no-signal cperating currents and volt
ages are to be such that each device operates at 
point C. The initial negative resistance is thus 
the dynamic resistance at that point. As oscilla
tions build up, the average a-c negative resistance 
in (A) decreases, that in (B) increases. Thus we 
see that the current-controlled negative resistance 
is suitable for use with series-mode oscillator cir
cuits, whereas the voltage-controlled negative re
sistance is suitable for parallel-mode circuits. On 
the other hand, if a current-controlled negative 
resistance were to be used to drive a parallel-mode 
circuit, the oscillatio11s might build up to a point 
at which the oscillating circuit would suddenly be 
shorted out, with the sudden loss of stored energy 
resembling the action of a relaxation oscillator. 
Or perhaps the circuit will have a tendency to 
jump from one mode of operation to another. 

1-594. The oscillating current of the parallel
mode circuit is essentially self-contained, the only 
current required of the external circuit is that 
necessary to re-supply the energy lost each cycle. 
This is such a small fraction of the total current 
in a high-Q circuit, that its wave shape can be 
quite distorted without significantly affecting the 
sinusoidal shape of the voltage wave. A momen
tary variation in the impedance of the enel'gy 
source can produce a large variation in the cur
rent wave through a negative-resistance device 
but only a small variation in the voltage wave. In 
other words, the energy stored in an antiresonant 
circuit is primarily a voltage-controlling source 
rather than a current-controlling source. If used 
with a device whose current is a multivalued func
tion of the voltage, instability can be expected to 
result if the voltage amplitude cannot be limited 
within a single-valued region of the current. A 
resonant series-mode circuit, on the other hand is 
essentially a current-controlling source. Extrer:ie
ly high voltages would be required to produce a 
significant distortion of the current wave shape 
of a high-Q resonant circuit connected in series 
with a negative resistance device. For stable oscil
lations to be sustained in a series circuit, it is im
portant not to employ a voltage-controlled nega
tive resistance, since its operating characteristics 
are not uniquely determined by the current. 

1-595. If the limiting action is provided by an 
external circuit component, such as a thermistor, 
the fact that the negative-resistance is current-
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or voltage-controlled may not be critical, provided 
the limiter is certain to act before the oscillations 
enter an unstable region ; nevertheless, the oscil
lating circuit should be matched to an inherently 
stable negative resistance for the particular reso
nance mode. The principal advantage of a ther
mistor-type limiter is that the limiting action is 
relatively slow, so that once the equilibrium point 
is reached, the non-li11earity introduced by the 
limiter is relatively insignificant. Under these cir
cumstances all the circuit elements, in particular 
the negative-resistance source, can be operated as 
linear parameters, thereby permitting the oscil
lations (both current and voltage waveforms) to 
be sinusoidal. 

Frequency Deviation Due to Nonlinear Limiting 

1-596. As is normaily the case, the limiting is pro
vided by the negative-resistance device. The oscil
lations build up until the amplitude swings into 
one or both of the bends of the negative-resistance 
characteristic. The farther that the current or 
voltage (depending upon whether current- or 
voltage-controlled, respectively) swings past the 
straight portion of the negative-resistance curve, 
the greater the distortion in the respective funda
mental wave of the dependent parameter. If the 
swings are extended sufficiently, a point will be 
reached at which any further increase in the am
plitude of the controlling parameter results in a 
decrease in the amplitude of the dependent para
meter at the fundamental frequency. If the ampli
tude of the controlling parameter is increased fur
ther, the amplitude of the dependent parameter 
at the fundamental frequency will diminish until 
it disappears entirely, at that point where the 
effective negative resistance, itself, disappears, 
Beyond this critical point the fundamental of the 
dependent parameter reappears, but with its 
phase reversed, reflecting the fact that the aver
age a-c resistance at the fundamental frequency 
has changed from negative to positive. Although 
the fundamental frequency of the dependent para
meter may decrease in amplitude as the funda
mental frequency of the controlling parameter in
creases in amplitude, the higher harmonics of the 
<lependent parameter continue to increase, so that 
it is quite possible for the overtones to exceed the 
level of the fundamental in high-amplitude sys
tems. On this account, where the fundamental fre
quency is of principal concern, it is generally pre
ferable to obtain the output in a way that it de
pends upon the wave shape of the parameter, volt
age or current, that controls the negative resist
ance. On the other hand, if harmonic outputs are 

373 
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desired, let them be obtainerl primarily with the 
aid of the dependent parameter. 
1-597. When harmonics are being generated, the 
distortion causes the fundamental frequency to 
assume a slightly different value than would other
wise be the case. This property can be the source 
of considerable frequency instability in crystal 
oscillators, since the harmonic content, and hence 
the fundamental frequency, will vary with the 
crystal-unit effective resistance, the operating 
voltages, and the aging and temperature charac
teristics of the negative-resistance device. 
1-598. Briefly, the reason that the fundamental 
frequency is affected by the presence of harmonics 
can be explained as follows: First, the mixing of 

. all the harmonics in the nonlinear negative-resist
. ance circuit provides a secondary source of the 
fundamental frequency, since the fundamental 
will result as the different frequency between any 
two successive harmonics. For example, 

f 3f-2f 4f-3f,etc. 
Now, if the external crystal circuit is tuned to be 
approximately resonant at the fundamental fre
quency, it will generally appear capacitive to the 
higher harmonic currents. This means that the 
fundamental frequency obtained from the differ
ence products of the harmonic currents will be 
displaced approximately 90 degrees in phase from 
the main fundamental, thereby causing a displace
ment in the phase of the total fundamental cur
rent. Thus, the nonlinear resistance serves to in
troduce a difference in phase between the current 
and voltage at the fundamental frequency, and in 
this manner behaves as if its impedance were 
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partly reactive. If the negative-resistance device 
is effectively partly reactive, the external circuit 
must present an equal and opposite reactance in 
order for the net impedance around the circuit to 
be zero. The fact that the harmonic currents pass 
through the capacitive shunts for the most part 
means that the external circuit must appear in
ductive at the operating frequency. For a simple 
parallel-tuned circuit, this requires that the cir
cuit operate at a frequency below resonance. The 
frequency displacement to be expected can be aP
proximately obtained from the following equation. 
The equation was derived by J. Groszkowski. * It 
is based upon the postulate that a negative-
resistance device cannot store energy. 

00 

~ n In2 X. = 0 1-598 (1) 
n=l 

Where: 
n =;; number of harmonic 
I. = current of nth harmonic 

Xn = reactance of circuit to nth harmonic 

This equation says that the sum of all the products, 
nl,.2X., must equal zero. Since X, for all values of 
n greater than 1 can generally be assumed to be 
negative, the crystal-circuit reactance facing the 
negative resistance terminals at the fundamental 
frequency must be positive (induetive) for the 
equation to hold. 

• Note: See Bibliography No. 305. (Also W. A. Edson, 
No. 211.) 



CROSS INDEX OF 
CRYSTAL OSCILLATOR SUBJECTS 

The subjects related to the design of crystal oscillators are separated into 
five categories for cross-indexing. These categories appear in the following 
order: 

I. OSCILLATOR FUNDAMENTALS 

II. FUNCTIONAL CHARACTERISTICS OF CRYSTAL OSCILLATORS 
(Factors to consider ip selection of oscillators-alphabetical listing.) 

III. CIRCUIT ANALYSES OF BASIC CRYSTAL OSCILLATORS 
(Quantitative relations which are fundamental as points of departure 
in attacking particular problems of design.) 

IV. DESIGN OF CRYSTAL OSCILLATORS 

V. CRYSTAL OSCILLATOR DESIGN CONSIDERATIONS 
(Alphabetical indexing of principal factors to consider when design
ing for optimum or special performance characteristics.) 

The primary subjects contained in the above categories are listed without 
line indentation. (Alphabetical listings are followed only in categories II 
and V above.) Subheads under the primary subjects are indented and pre
ceded by a dot (.). Second order subheads are doubly indented and preceded 
by two dots ( .. ). 
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OSCILLATOR FUNDAMENTALS 

Classification of oscillators 

• Stahl<e, unstable 

• Free, forced, forced-free 

• LC-controlled, electromechan-
ically-controlled 

•Crystal-controlled, crystal-
stabilized 

• Parallel-mode, series-mode 

Principles of ::;tab!1, forced-free 
osei !la tors 

•Constant-amplitude 
requil'ements 

"'Amplitude build-up 

.. Amplitude limiting 

•• Loop gain of unity 

• Constant-f 1·e<1u1•ncy 
requirements 

•• Eiwrgy supply, stable 

•• Impedances, stable 

•• Loop phase rotation of zero 

Basic vacuum-tube oscillato!' 
circuit 

• Loop phase analysis 

•State of oscillation determined 
by feedback impedances 
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•Generalized crystal circuit 231- 231- 586 
238 288 
236 236 

586 

Bibliography numbers 211 65 750 
513 69 806 
571 88 823 
598 160 
815 211 
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FUNCTIONAL CHARACTERISTICS OF CRYSTAL OSCILLATORS 
( Factors to consider in selection of oscillators.) 

Activity (See Amplitude.) 

Advantages and disadvantages 7 274 275 275 277 277 347 351 356 356 356 356 356 356 356 356 356 356 356 277 539 322 354 
322 322 276 276 322 328 349 357 364 376 392 406 421 423 428 428 428 433 356 541 441 356 

560 355 330 360 369- 387 429 430 432 435 436 544 442 438 
573- 356 336 363 374 431 549 455 
581 339 550 

554 

Amplitude 273 300- 275 277 328 348 352 356 356 356 ~g~ 356 356 356 356 356 356 356 356 540 438 438 
303 308 286 330 349 362 365 376 406 421 429 430 432 541 538 
308 291 336 370- 379 411 431 544 
311 293- 339 372 414 554 

295 340 415 572 
300- 417-
303 420 
312 
320-
322 

-- . 
Amplitude build-up time 274 296 :339 360 532 

296 299 537 
299 304 
304 305 
305 

·- ··-----Amplitude dependence on effec- 300- 584 584 290 343 361 379 401 406 436 540 436 
tive resistance of crystal unit 303 293 402 412- 547 

308 295 415 558 
309 300-
583 303 

308 
309 
311-
315 
566 
567 ., 

Amplitude dependence on load 300 286 339 401 411- 436 540 538 436 
309 295 340 415 
322 300 

309 
312 
321 
322 
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FUNCTIONAL CHARACTERISTICS 
OF CRYSTAL OSCILLATORS 

(Continued) 

Amplitude range 

Amplitude stability 

Amplitude tolerance 

Availability of re~red crystal 
units, vacuum tu s, etc. 

Bandwidth ( See also Frequency 
range.) 

Dependability of starting 

2 3 

294 300-
303 
308 
311 

273 296 
294 29'1 
306 299-

303 
308 
322 
581 
595 

308 
309 
582 

294 

306 309 
311 
322 
562 

268 294 
273 297 
306 289 

300 
308 

-'i; 

4 5 6 7 8 9 

286 336 349 
290 339 
291 
293-
295 
300-
303 
312-
316 
566 
567 

322 283 352 
284 
294-
297 
299-
303 
306 
321 
322 

290 336 352 
293 343 
295 
303 
312-
316 
566 
567 

294 339 351 
295 344 
300 
318-
316 

275 275 277 328 347 352 
276 355 291 344 350 

295 
301 
303 
309 
311 
322 

276 277 339 346 
282 340 348 
291 
294 
296 
297 
299 
300 
823 

10 11 12 13 14 15 16 17 18 

361 366 376 401 412-
362 370- 379 402 415 

372 568 405 

357 3€8 379 412-
360 415 

357 379 402 412-
360 568 415 
361 

368 379 414 425 

356 356 356 356 356 356 356 356 356 
357 364 376 392 406 428 428 

366 381 405 417-
370- 387 420 
375 

363 364 376 406 421 424 429 
374 379 414 425 

387 
391 

19 20 21 22 23. 24 

540 438 438 

436 436 

540 

540 
571 
572 

356 356 356 539 438- 436 
428 433 436 441 438-

437 442 440 
537 
538 

434 540 
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Ease of adjustment 

Ease of frequency multipliea-
tion 

Economy of manufacture 

Economy of operation 

Effective resistance of crystal 
unit 

Equipment employing oscillator 

Frequency range--operable, 
practical, optimum (See also 
Bandwidth.) 

2 3 

306 273 
294 
562 
581 

322 

296 
304 
308 
560 
661 
564 
573 

294 
296 
304 
322 

309 
663 

491 304-
531 306 
536 311 

322 

306 296 
354 305 

322 
565 

4 5 6 7 8 

277 328 347 
294 329 
295 339 
306 344. 
316-
318 

276 322 

275 275 277 328 349 
355 296 339 

277 322 
294 328 
296 339 
312 
322 

271 279 332 
290 336 
293 
295 
301 
303 
312-
316 
566 
567 

304 305 3.JO 
305 339 
311 344 
322 536 
4711 
481 
487 
495 
522 
524 

275 275 277 344 
276 276 290 

355 291 
295 
296 
301 
303 
566 
567 

9 10 11 12 13 14 U 16 17 18 19 20 21 22 23 24 

362 366 356 356 366 356 366 356 356 356 356 366 356 54.0 439 436 
361 364 376 392 418 421 431 433 436 571 441 439 

365 387 419 442 
369 445 
371 531 

366 356 366 356 356 356 356 356 356 356 356 356 438- 438-
375 376 421 431 442 440 

387 455 
388 508 

530 

363 376 392 414 530 
379 
384 
387 

387 541 442 570 
456 
608 

356 356 356 356 356 356 356 356 356 356 356 356 540 436 
361 368 377 401 406 423 433 436 550 
362 379 402 412- 425 437 

568 405 414 

353 357 371 :387 414 436 539 438 438 
373 472 437 541 440 440 
374 514 530 

515 

351 356 356 356 856 356 356 356 356 356 356 356 356 539 438- 354 
352 357 364 376 392 406 421 423 428 428 428 433 436 543 442 436 

363 369- 387 405 414 425 429 430 437 544 455 438-
375 391 431 551 463 440 

568 530 
537 
&38 
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FUNCTIONAL CHARACTERISTICS 
OF CRYSTAL OSCILLATORS 

(Continued) 

Frequency stability 

Frequency tolerance 

Harmonic output 

Installation ( airborne, ship-
board, ground, ete) 

Location of load 

Output power 

2 3 

354 269 
273 
274 
296-
298 
305 
309 
310 
314 
315 
581 

354 305 
310 
317 
582 

596- 304 
598 305 

308 
311 
322 
682 

311 
660 

322 

294 294 
296 
305 
322 

4 5 6 ., 

269 275 277 328 269 
273 355 279 330 347 
275 356 283 332 349 

284 339 
296- 341-
298 343 
301 
302 
309 
310 
314 
315 
322 
566 
567 

317 355 277 328 347 
356 291 332 349 

310 339 
317 

322 277 329 
304 
306 
311 
321 
322 

311 339 

322 277 322 349 
283 328 
309 
321 
322 
328 
566 
567 

275 275 277 305 349 
355 284 322 

286 328 
294- 330 
295 333 
305 339 
311 340 
322 343 
566 
567 

9 10 11 12 

356 356 356 
357 368 376 
363 380 

387 
391 
568 

. 
356 356 356 
357 373 387 

391 
568 

356 3'56 356 
359 376 

387 
388 

356 356 356 
363 370 376 

371 
375 
388-
390 

356 356 356 
370- 376 
372 568 

13 14 15 16 17 18 19 20 21 22 23 24 

269 356 356 366 356 366 356 269 356 641 438 438 
356 406 421 425 428 428 428 356 570 439 439 
392 415 429 430 432 572 462 570 
405 417- 431 

420 

356 356 356 356 356 356 356 356 356 541 438 438 
392 406 421 429 430 432 552 439 439 
405 414 431 462 

417-
420 

356 356 356 356 356 356 356 356 356 541 442 
431 435 437 572 680 

414 641 

356 366 356 356 356 366 356 356 356 540 
392 406 421 423 429 430 432 433 437 

407 431 435 
417- . 
420 

356 356 366 356 356 356 356 356 356 541 438 438 
392 406 421 429 430 432 572 454 
404 408 431 638 
405 412-

415 
417-
420 
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Output voltage 306 

Purpose of oscillator 294 

Simplicity of design 

Space and weight requirements 

Temperature range require-
ments 

Versatility in application and 306 
design 

Bibliography numbers 211 

·-

3 4 

294 275 
299-
303 
322 

6 
294 
296 
305 
311 
562-
565 

274 273 
311 275 
562 

296 
304 
305 
308 
560 
582 

304 
582 

294 275 
306 
317 
562 

10 231 
91 781 
141 
147 
149 
211 
212 
213 
231 
289 
426 
493 
494 
525 
678 
697 
840 

~ 6 7 8 

275 277 328 349 
355 284 336 

286 340 
293- 343 
295 
299-
303 
308-
316 
318 
321 
322 
566 
567 

355 279 322 349 
286 336 350 
291 339 
296 344 
311 
320-
327 

275 277 328 
355 311 330 

332 

296 339 
308 
311 
566 
567 

277 349 

275 277 328 349 
355 294 339 350 

295 344 
317 
319-
327 

108 91 91 
127 211 211 
128 308 G18 
212 533 649 
231 649 781 

781 

9 10 11 12 

361 366 379 
362 368 568 

370 

351 357 364 376 
353 363 370- 387-

375 391 

302 356 356 356 
364 376 

387 

364 369 376 
371 387 

568 

353 357 364 387 
373 

353 356 356 356 
357 364 376 

369- 387-
373 391 

129 211 653 128 
496 231 211 
840 523 212 

308 
840 

13 14 15 16 17 18 19 20 21 22 23 24 

420 425 437 572 454 
538 

392 414 421 423 426 426 426 433 436 539 438- 354 
401 417- 428 428 428 435 437 541 443 438-
404 420 431 455 440 
405 530 

269 356 356 356 356 356 356 356 356 540 439 439 
356 406 421 423 433 440 440 
384 414 
392 

531 570 

392 406 541 441 570 
414 570-

572 

414 540 
541 
572 

356 356 356 356 356 356 356 356 356 539 439 439 
392 406 421 423 428 428 428 433 436 541 440 440 
404 417- 425 429 430 435 437 442 570 
405 420 431 443 

455 
508 
530 

211 128 211 211 211 211 211 211 89 151 329 777 
212 211 212 212 212 212 212 840 'i'i8 
308 212 779 

780 
781 
840 
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CIRCUIT ANALYSES OF BASIC 
CRYSTAL OSCILLATORS 

(Quantitative relations which 
are fundamental as points of 
departure in attacking par-
ticular problems of design.) 

Methods of analyzing oscillator 
circuits 

•Complex-function, admittance-
linear-parameter method 

(Not used or discussed in 
this handbook a.s means of 
solving over-all circuit, al-
tlwug h admittance equations 
are employed occa&-ionally in 
restricted problems.) 

••Bibliography numbers 

•Complex-function, impedance-
linear-parameter method 

••Qualitative discussion 

•• Application illustrated 

'"Bibliography numbers 

• Linear-differential-equation 
method 

(Not used <Yr discussed in 
this handbook as means for 
solving over-all circuit, al-
though differential equations 
are employed occasionally in 
re><tricted steady-state prob-
/em,,.) 

•• Bibliography numbers 

•Loop-gain, loop-phase rnethod 
( For similar analysis of 

loop-phase relations, see 
Phasor method below.) 

••Qualitative discussion 

••Application illustrated 

3 4 5 6 

281 

154 149 149 212 149 
154 212 211 
212 212 

267 267 289 267 
289 289 

289 289 281 
289 

211 426 232 
466 426 

533 

289 203 243 240 287 
213 287 241 288 
239 288 

211 232 232 232 
332 750 750 823 

823 823 

267 267 280 

267 267 281 

7 9 10 11 12 13 

211 211 
212 212 
618 

267 331 
289 

289 331 
332 
336 

232 
426 

360 

232 
750 
823 

345 351 357 365- 377 393 
347 360 368 380 394 
348 363 

348 360 378 367 
361 383 394-

388 395 

14 15 16 17 18 19 20 

--

407 422 433 
409 

410 422 434 

' 

21 22 

458 

458 

211 
212 
697 

540 
542 
543 

540 
543 

23 24 

211 
212 
697 
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•• Bibliography numbers 

•Negative-resistance method 

••Qualitative discussion 

•• Application illustrated 

-
••Bibiiography numbers 

• Nonlinear parameter method 
(Not used or discussed in 

this handbook.) 
-
••Bibliography numbers 

- ., 
• Nyquist-diagram method 

·---~·--
••Brief mention 

f.- -----·--
••Bibliography numbers 

---~''' -~ ~ 
•Pha.sor (vector) method ._....,. __ _..._..,... ___ ~~-.-~ 
••Qualitative discussion 

...... ----
•• Application illustrated 

,..,.,,,,..,,..,,,,......,,._~-·-... ·-
--Bibliography numbers 

Amplitude considerations 

•Derivation of loop-gain 
equation 

2 

211 

112 
113 
114 
154 
211 
271 
362 
640 

428 211 
535 466 

'789 --
--
- ·-·--

60 
211 
571 
815 

267-
273 

,., _____ --268, 
272 
281 

332 

3 4 s 6 

231- 231- 586- 278-
238 238 595 280 
236 586-
267 595 

283 233 
278-
282 

232 
532 

-

843 843 

.,.,,_ -., ...... -----
..... ··- ··- ·-

-- ,.,~ .. -- ··--~ , 

212 

·-,·---· ·- •-·• 

267- 2G8- 280 
273 273 282 

283 
--·· ~---

___ ,___ ,_ __ 
270 268-
272 272 
281 280 

281 
28S 
284 
312 
~·----

70 70 
232 232 

284 
289 

7 8 9 10 11 12 

211 212 

233 378 

.. 

-·-
843 

~- ... ,,_..,~ 
" - ·-· -·· 

___ ..,_ ... ,._ ....... ---·-,.._ .. ,. ·-··-,. 

- ~--. ·-

_.,., ... 
(•• -- -- -----, . -· 

.. ·-·-· 
__ [· 330 345 358 

332 :147 
.,.,.,..,. 

268- ~1¥ 358 268-
272 359 272 
281 

... ......,,.. ....... .,,,.._,, 

70 
232 

289 348 359 378 
331 360 388 
336 363 

13 14 IS 16 17 18 

425 429 

425 429 

118 
554 

-- a,,.-~. -- .. _ .. _ --
-~--- ---

424 
---~""'"" ----

r--· ---· -··-· . _ _, ·-- -·-~-
..• ·-·--· -

r-=- ~--· .. ., .~-~ -
268-
272 
281 

--- ' 
,.,,. ....... .., ........ ..-,,, ................... ~;,.-,....- ... 

395 410 424 425 289 
396 411 425 426 426 

427 

19 20 21 

·-

--~~ ··-· 
= ··-

268- 268-
272 272 
281 281 

289 434 289 
831 436 
426 
427 

22 23 2-4 

545 
546 
549 

547 

;-----

268-
272 
281 

548 289 
436 

i: 
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CIRCUIT ANALYSES OF BASIC 
CRYSTAL OSCILLATORS (Continued) 

• Loop-gain equation 

•Interpretation of loop-gain 
equation and/or discussion of 
basic requirements for opti-
mum output-to-crystal pawer 
consistent with required !re-
quency stability 

•A-C current and voltage Jim-
itations due to presence of 
crystal unit in circuit 

• Bias voltage limitations due to 
presence of crystal unit in 
circuit 

• Fixing electrical characteris-
tics of limiter (vacuum tube, 
thermistor, etc) from loop-
fain equation, crystal-unit 

mitations, and desired class 
of operation 

•Output am~itude estimated 
from equili rium parameters 
of limiter 

2 - 3 4 

267 
(1) 

267 

294 

245 271 
294 
303 

267 294 273 
294 300 

305 
322 

267 
294 

5 6 7 8 9 

284 331 348 
(1,2, (2,4) (1,6) 
5) 335 

289 (1) 
(2) 336 

(1,7) 

284 331 348 352 
286 333- 349 
290 336 
312- 339 
316 

277 277 349 
282 336 
284 339 
286 
290 
293-
295 
300 
303 
312-
316 

282 339 
286 
293-
295 
300 
303 
312-
315 

284- 333-
286 336 
290 339 
293-
295 
303 
308 
312-
316 
322 

282 336 
290 339 
293-
295 
303 
312-
316 

10 11 12 

359 378 
(3,4) (1,21, 
336 24, 
(2) 25, 
361 26) 

(10) 388 
(1,2) 

361 370 379 
372 

361 379 
362 387 

359 379 
362 

361 379 
362 388 

361 379 
362 

13 14 15 16 17 18 19 20 21 22 23 24 

395 410 422 424 434 540 
(1,9) (1,6, (1) (1) (1,5) (1) 
396 7) 425 548 
(3) 411 

( 1,2) 
(3) (2,3) 

395- 408 421 424 429 430 432 434 436 540 438 438 
402 411- 422 425 548 439 439 
404 413 

402 412 540 
403 415 

405 412 
413 
415 

401- 411- 425 429 434 540 
404 413 

415 

402- 412 540 
404 413 

415 
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•Amplitude variation with ef-
fective resistance of crystal 
unit 

• Amplitude variation with fre-
qu<n,y 

• Amplitude variation with load 

I. Derivation of amplitude-sta-
bility equation 

.. ,, ... 
• Amplitude-stability equation 

•Interpi-etation of amplitude-
stability eiuation and/01· dis-
cussion of asic requirements 
fo1· optimum amplitude sta-
bility 

.. ,.~,.-

Frequency consideratio11s 
'--------------· 
•Qualitative analysis and sim-

plitication of loop-phase 1·e-
quirements 

• Derivation of loop-phase 
equation 

2 3 

226-
237 
294 
300 
308 
309 

301 
303 

294 

267 294 
294 W6 
306 2!)9 

300 
306 
308 

,_ ,_ __ ---
, -

270 
272 
281 

" 5 6 7 8 

214 22S 290 336 
230- 293- 343 
237 295 

300-
303 
308 
309 
312-
316 

291 336 
295 340 
301 343 
303 

214 284 339 
286 340 
295 
312-
316 

273 284 340 
2!ll 343 
2()4 
2% 
2!)9 
300 
308 

--·-- >----
___ , ,_,_ '"'-

~---
269 2f,8- 21i8- 21,!) 

27:l 27:l !S,H) 
2&0 :l28 347 
282 332 
283 
281) 

2'l0 270 270 
272 272 272 
281 281 281 

289 28\J 
331 

9 10 ll 12 

361 379 
362 387 

366-
368 
371 
372 

387 
388 

360 

360 
(6, 
10, 
11, 
12, 
13, 
14, 
18) __ , 

352 :{57 368 379 
360- 370-
363 372 

,___ ,_ _______ 
~•., 

:,Vil 357 268- 380 
27!3 383 
36ii-
368 

383 

13 1<1 IS 16 17 18 
----

401- 411-
403 413 

415 

405 

401- 411-
403 413 

415 

' . 
401- 412 
403 413 

415 

__ , __ 
-- ·-~---.. 

267 407 380 423 423 2(;8-
2fi9 409 383 424 424 273 
393 421 429 427 
394 422 430 

431 

383 424 424 270 
272 
281 

19 20 21 

436 

436 

268- 269 268-
273 433 273 
427 436 
432 

270 270 
272 272 
281 281 

22 23 24 

540 436 

543 
544 

540 436 

540 

-

540 440 268-
273 
440 

548 270 
272 
281 

~ 
S: 
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CIRCUIT ANALYSES OF BASIC 
CRYSTAL OSCILLATO.RS (Continued) 

• Loop-phase equation 

•Interpretation of loop-phase 
equation and/or discus1non of 
basic requirements for opti-
mum frequency, bandwidth, 
and tolerance 

•Derivation of frequency-
stability equation 

• Frequency-stability equation 

• Interpretation of frequency-
stability i1;1ation and/or dis-
cussion of a.sic requirements 
for optimum frequency sta-
bility 

Bibliography numbers for am-
plitude, frequency, and stabil-
ity analyses 

2 

267 
(2) 
270 
(1) 
281 
(1,2, 
3,4) 

267 
270-
273 
354 

298 

69 
164 
211 
466 
571 
640 
789 

3 4 

270 
(1) 
281 

(1,2, 
3,4) 

322 

287 
288 

287 
(1) 

245 273 
251- 287 
261 288 
269 
298 
309 
310 
593-
598 

212 89 
213 149 
318 232 
872 532 

5 6 ·7 8 9 

270 331 
(1) 
281 

(3,5) 

(1,2, 
3,4, 

6, 
11, 

12) 
289 
(3) 

355 277 328 347 851 
281- 329 352 
283 331 
289- 332 
291 
295 
317 
322 

284 338 
287 
288 

287 338 
(1,2, (1,2, 
3,4, 3,4, 
5) 5) 

288 
(2) 

355 277 332 346 
279 333 347 
281 335 
283 336 
284 338 
287 341 
288 342 
298 
309 
310 

108 70 70 
127 149 211 
211 211 212 
212 212 231 
233 231 232 

232 426 
426 649 
533 750 
649 823 
823 843 
843 

10 11 12 

383 
(5) 

357 368 380-
373 385 

358 241 
359 386 

358 241 
(4,5, 

8, 
(2) 

10, 
11, 
12) 
359 
(5,6, 
8,9) 

357 368 379-
359 371- 386 
361 373 393 
363 

211 653 128 
231 211 
523 212 

13 14 15 16 17 18 19 20 21 22 23 24 

267 383 424 548 
(1) (5) (2) (1) 

422 
(5) 

393 406 383 424 429 430 432 433 436 548 438- 354 
394 413 422 435 440 436 
396 4::S8-
398 440 
404 

399 413 

399 413 
(1,2) (3) 

396- 406 424 426 426 426 433 438 438 
400 413 429 435 439 439 
404 415 

419 

211 128 212 113 211 212 212 211 89 151 329 89 
212 212 211 212 211 211 

212 
554 
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DESIGN OF CIYSTAl 
OSCILLATORS 

Circuits specifically designed 
for use with currently recom-
mended Military Standard 
Crystal Units (Figure num-
bers) 

Circuits adaptable, but not 
specifically designed, for use 
with currently recommended 
crystal units (Figure num-
bers) 

Design procedure 

Design ·procedure illustrated 

Bibliography numbers 

2 3 " 5 

267 304 317 
322 

211 108 781 108 
466 149 212 

212 
213 
678 
781 
840 

6 7 8 9 

135 143 2-50 
(L,M, 2-44 2-52 
R-W, 
Y,Z) 
137 

(A,B, 
E,G, 
N-V) 
138 

(A,B, 
E) 
243 
247 
2-2 
2-6 
2-18 
2-22 
2-28 
2-32 
2-46 
2-54 
2-56 

131 142 155 157 
135 149 158 

(A-K, 150 
N-Q, 151 
X) 152 
136 153 
137 186 

(C,D, 
F,H-
M} 
138 

(B,C} 

278 332 348 352 
290 334 
291 336 
293 337 
29;, 339 
303 
308 
311 

311- 336 352 
316 

91 91 840 
149 211 
211 212 
212 618 
533 649 
649 

10 11 12 

175 
(A-F, 
H-L) 
250 
2-4 
2-8 
2-10 
2-20 
2-24 
2-26 
2-30 
2-38 
2-40 
2-66 

163 167 174 
164 H,8 175 

169 (G) 
170 
171 
172 

362 368 379 
369 381 

387 

371 

211 653 128 
523 21l 

212 

13 U 15 16 17 18 19 20 21 22 23 2<4 

177 2-12 2-14 2-34 185 192 185 
(P) 2-62 2-16 2-36 (A- 196 (A-
2-60 2-48 2-42 C) 199- C) 
2-64 2-58 203 
2-68 205-

217 

177 179 180 161 182 182 182 183 106 222 186 106 
(A- (B) (C, (E) 184 185 224 187 159 
C) D) (D, 227 188 186 

E) 232 191 187 
(B) 220 254 
233 221 
234 
236 
238 
240 
254 
256 
257 

396- 411- 422 426 426 426 433 436 546 438 436 
403 415 427 427 427 434 443 438 

404 414- 421 429 430 432 439 439 
420 422 443 

447 

211 211 212 113 211 212 212 211 89 151 329 89 
212 212 211 212 840 211 211 

212 840 697 
554 840 
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CRYSTAL OSCILLATOR DESIGN 
CONSIDERATIONS 

(Alphabetical indexing of prin• 
cipal factors to consider when 
designing for optimum or spe• 
cial performance characteris-
tics.) 

Activity (See also Amplitude.) 
Definition of 

•Of crystal oscillator 

•Of crystal unit (See also 
Methods of Mounting Crys-
tal Blanks in Crystal Hold-
ers- paragraphs 1-132 to 
1-170.) 

Activity quality of crystal unit 

• Discussion of 

• Parameters for 
activity quality 

indicating 

••Effective Q (Q.) 

••Effective resistance (R.) 

•• Equivalent series-arm con-
ductance ( 1/ R} 

uFigure of merit (M) 

.. Gridleak current 

••Maximum effective Q (Q.m) 

3 4 5 6 7 

227 230 
228 231 

228 232 254 277 328 
294 233 275 283 336 

232 355 284 338 
233 286 339 
236 289 
237 291 
273 293-
275 295 

227 230- 229 312 
228 237 

227 230- 229 
228 237 

226-
237 

231- 284 
234 

584 232 300 333 
309 336 
312-
316 

228- 280 229 
231 231 

235 

220 284 
228 

234 
235 

8 9 10 11 12 

352 360- 364- 376 
362 366 379 

368 387 
370-
372 

374 387 
388 

361 

348 353 361 
362 

879 

352 368 

13 14 15 16 17 18 19 20 21 22 23 24 

--- .~ 

392 411 421 423 429 430 432 433 436 540 438 254 
402 412 431 541 440 438 
403 414- 440 
405 420 

402 
403 
405 

393 412 436 436 
394 
401· 
408 
405 

893 412 426 426 426 540 
394 
401-
403 
405 

220 220 

0"' 
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••Performanceindex (PI) 

Activity stability (See Ampli• 
tude stability.) ,......._ 

Amplification factor of 

•Transistor 

•Vacuum tube 

Amplification of oscillator 
signal 

Amplifier following oeci!lator 

2 3 

427 

268 311 

268 294 
269 299 

304 
305 
308 
322 

21 21 
308 
322 

4 5 6 7 8 

236 278 333 348 
237 285 336 
584 295 340 

297 343 
300 
312 
314 

-
273 284 328 348 

286 335 
295 336 
311-
313 

280 328 345 
282 331 346 
284 333- 348 
286 336 
294 839 
295 
299 
308 
316 
318 
322 
326 

•·~ "'·-~•o .. _L_ 
286 328 349 
308 339 
322 
326 

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 

540 
543 

359 387 409 
413 

--
359 365 377- 395 409- 421 433 640 438 438 
360 373 379 402 412 484 440 440 
363 387 442 

445 
450 
473 
475 
478 
480 
482 
483 
487 
493 
494 
622 
525-
527 
638 

,_.., ... ~.,= ·- -~- -- - I'--·--, 

363 387 I 437 438 438 
390 440 440 

442 
445 
450 
455 
473 
475 
478 
480 
482 
483 
487 
493 
494 
522 
525 
538 

0 
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CRYSTAL OSCILLATOR OESICtl 
CONSIOERAT:ON$ ((oot;r,:,~d) 

Amplitude 

Amplitude range 

. 

• Ejected, due to variation in 
e ective resistance of crystal 
unit 

•Limitations of, due to speci-
fted drive level of crystal 
unit 

•Of fully loaded circuit 

•Of nonloaded circuit 

2 3 

268 249 
294 294 
306 296 

304 
305 
308 
311 
315 
322 

294 308-
310 

232 
249 
300-
303 
308 
309 

258 
294 
311 

309 

" 5 6 7 8 

275 275 277 322 348 
355 278 328 349 

282 333 
284 336 
286 339 
291 340 
293-
296 
308-
318 
322 
566 
567 

366 291 336 348 
296 3:S9 349 
308-
310 
312 
321 
666 
667 

233 233 233 
237 237 237 

290 308 
294 336 
295. 343 
300-
303 
308 
309 
312-
316 

277 328 
282 336 
284 339 
286 344 
290 
293-
295 
301-
303 
311-
316 

286 339 349 
295 340. 
309 

278 336 
284 340 
286 
293 
296 
312-
316 

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 

352 356 356 356 356 356 356 356 356 356 356 356 356 540 438 438 
360- 365- 376 392 406 421 429 430 432 434 436 641 454 
362 368 379 397 411- 431 572 527 

370 387 399- 420 
371 388 405 

568 

852 361 366 376 411- 421 431 640 627 
362 368 379 413 641 

971 668 

361 379 401 412- 436 436 
362 387 402 415 

361 370 379 397 412 434 
362 387 401- 413 

404 415 
416 

370 387 417-
372 420 

362 366 438 438 
370 
371 

QIA .. . 
!!..9; 
=o 
Q::, 
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•With aolomatic gain control 

•With m11nual gain control 

•With no gain cont rol 

•With overdrive 
unit 

of crystal 

Amplitude stability 

•Under variations of load 

•With automatic gain control 

• With gridleak bias 

•With grid limiting 

• With load electron-coupled 

•With tri-tet operation 

• With variatio·n in gain of 
stage 

Bandwidth 

• Broad-band circuit 

2 

263 294 
265 
266 

265 

306 

294 

354 

3 .. 5 6 7 

308 308 
315 

301- 291 337 
303 294 340 
311 295 

301-
303 
311 
318 

286 
293 
295 
312-
315 

339 339 

294 283 
284 
294 

315 212 291 340 
322 214 312 

315 
321 
322 
326 

308 308 308 
315 315 

296 296 
297 297 
299- 299-
303 303 

214 273 294 

322 322 

214 321 322 
322 322 

355 295 344 
566 
567 

247 275 275 277 
309 355 278 
310 309 
311 310 
322 311 

322 
323 

8 9 10 11 12 

366 387 

879 
387 

372 

357 368 
360 
361 

362 

379 

375 

860 373 379 

347 351 356 356 356 
352 357 370- 376 

363 375 381 
568 

374 376 
377 
381-
385 
387 

13 t-4 15 16 17 18 19 20 21 22 23 2.C 

402 412 
413 

416 

393 

401 411 
402 412 

-· 

412 

640 

356 356 356 356 356 356 356 356 356 539 455 220 
404- 406 428 428 428 433 525- 354 
405 529 

392 406 423 433 438- 438-
398 41.8 425 440 400 
402 
404 
405 

0 
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CRYSTAL OSCILLATOR DESIGN 
CONSIDERATIONS (Continued) 

•Narrow-band circuit 

•Of crystal units (See also 
Crystal element character• 
istics.) 

•Single-frequency circuit 

• With adjustable tuning 306 
354 

•With overtone crystal units 

Bandwidth and selectivity pa-
rameters of crystal unit 

Bias 288 

•Automatic gain control 837 

•Cathode 

•Class A 298 

•Class AB 

•Class B 294 

3 4 5 6 7 8 

247 355 277 328 
309 283 344 

308 

139 276 305 
246- 317 309 
248 

247 277 
309 283 
322 291 

322 

246- 276 291 328 350 
248 317 301 329 
322 303 339 

317 844 
322 

276 355 277 

197 276 
246-
248 

288 337 
312 

308 308 337 
310 316 
315 

307 307 337 

305 273 284 
308 308 

312 
314 
315 
322 

273 812 
315 
322 

296 273 293 
300 294 
311 296 

311 
312 
322 

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 

365 404 417 428 42!f ~ffi 435 451-
372 405 454 
375 

405 

353 357 364 419 432 431 451 
358 371 420 455 
363 

352 363 364- 376 431 486 439 220 
368 354 
370- 436 
375 439 

364- 376 392 
366 387 402 

' 870- 891 404 
375 405 

368 
374 

411 640 
416 549-

663 
655 

605 
510 

359 379 434 220 220 
362 882 

387 

359 376 401 411 434 637 
362 379 412 

387 

412 

412 
417 

or .. ,. 
Q. :r. 
=o 0 :, 
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i' 
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•ClassC 

•"Class D" 

• Effect of crystal resistance 

• Effect of gridleak resistance 

•Fixed 

•For frequency multiplication 

•Gridleak 

•Limitations of, due to speci-
fled crystal drive level 

• Reactance tube (afc) 

Build•up of oscillations 

Bulfer amplifier 

Capacitance 

2 l 

294 296 
299 
800 
811 

298 298 

306 282 
296-
298 
307 
308 

294 294 
296 
300 
306 

322 

306 296-
308 

294 

2€6 267 232 
268 236 
294 275 

294 
296 
299 
304 
305 

304 
305 
808 

" 5 6 

273 282 
284 
293 
294 
296 
311 
812 

298 

2"' • ., 297 
312-
316 

282 
296-
308 
313 

271 294-
273 296 

322 

278 282 
286 
293 
295-
316 

282 
293-
295 
303 
312-
316 

232 35;; 294 
236 586.- 296 
273 595 299 
276 308 
308 315 
586-
595 

304 
805 
808 
323 

290 
291 

7 8 

837 
339 

342 

341 

339 

839 
343 

339 

350 

3:-\7 346 
339 
340 

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 

376 392 406 421 437 488 488 
887 401- 420 
388 408 

220 

879 

474 
637 

352 379 405 411 220 474 220 
382 412 637 
388 

379 412 220- 220-
415 224 224 

437 484 
492 

357 364- 377 401 411 425 429 484 640 455 
363 867 879 484 

489 
532-
585 
637 

522 
588 

365-
368 

s> 
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CRYSTAL OSCILLATOR DESIGN 
CONSIDERATIONS (Continued) 

•Cathode 

•Dynamic 

•Grid 

•Load (See Load capacitance 
of crystal unit.) 

•Negative (Cn) 

•Optimum grid-to-plate ratio 
(C.,JC,) (See also Gain, op-
timum.) 

•Oven 

3 -4 5 6 7 

307 307 
566 

278- 332 
282 

. 287-
290 

296 278 328 
284 334 
287 336 
288 
290 
291 
293 
294 
296-
298 
301 
312 
322 
323 

278-
282 
287-
289 

284-
286 
290 
291 
293-
295 
298 
301 
303 
308-
310 
312-
316 
318 

279 279 
4-73 321 

323 

8 9 10 11 12 

383 
388 

350 

345 358 381-
348 359 383 

13 1-4 15 16 17 18 19 20 21 22 23 2-4 

407 
417 
419 

430 

398- 406 430 432 435 439 354 
400 413 439 
404 

430 

430 

0"' .. . 
" Q. =o a ::i o-.. 
:i' a. • IC 
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•Plate (Cp) 

•Plate-to-grid (Cpg) 

•Shunting crystal 

•Stray 

•Stray, measurement of 

Capacitors 

• Fixed, r-f bypass 

• Fixed, tuning 

2 3 4 

309 

279 
311 

182 208 
184 211 
185 212 
187 230 
188 231 
190- 233 
196 243 
201 276 
219 
252 

188 233 
201 276 
311 
598 

292 

245 
303 
307 
320 

245 

5 6 7 8 

277 329 
278 332 
280 338 
281 340 
284 
287-
290 
291 
293 
294 
298 
300 
309 
312 

277- 329 345 
279 332 
287 334 
295 336 
311 
320-
323 

205- 278 332 348 
207 279 334 350 
355 287 336 

300 
305 
320-
323 
666 

189 278 332 345 
355 279 334 347 

287 336 
28!! 339 
290 
292 
311 
318 
320-
323 

290 
292 

318 

303 
307 
320 
321 
324 

355 290 329 345-
318 336 347 

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 

358 381 393 407 430 432 
359 389 394 413 

398- 419 
400 
404 

371 393 430 432 435 
394 

365 376 393 406 422 424 426 429 430 432 354 
367 381 394 412 425 435 
368 385 406 414 

388 417-
391 419 

351 357 365 381 392- 42.~ 429 430 
372 387- 394 425 

389 

188 

-
369 389 2-90 

352 382 220 
389 

352 369 389 393 432 

0 .. 
!:!. 
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CRYSTAL OSCILLATOR DESIGN 
CONSIDERATIONS (Continued) 

•Variable 

Cathode bias 

Choke, r-f 

•To reduce circuit losses 

Class A operation 

Class AB operation 

Class B operation 

Class C operation 

"Class D" operation 

Coils, inductors 

2 

294 

298 

294 

294 

298 

3 -4 5 6 1 a 

245 291 329 
322 294 338 
581 298 

301 
318 
321 
322 
566 

805 307 337 
807 

292 

296 277 339 
297 294 
307 296 
809 297 

309 

306 278 284 
308 276 308 

312 
314 
316 
822 

278 312 
276 316 

322 

296 278 298 
800 276 294 
311 296 

800 
311 
812 
822 

296 273 282 337 
299 276 284 339 
300 293 
311 294 

296 
300 
811 
812 

298 298 342 

9 10 11 12 13 U 15 16 17 18 19 20 21 22 23 2-4 

352 368 365- 389 429 431 436 439 220 
363 369 613 436 

439 

359 887 434 

406 551 
407 

-

869 876 401 411 484 
862 379 412 

387 

412 
416 

412 
417 

376 392 406 421 437 488 488 
387 401- 420 
388 403 

558 
656 

358 365 
869 

0"' .. . 
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•RFC 

•To antiresonate with un-
wanted capacitance 

•Transfol'mer 

•Tuning 

•V-H-F 

Crystal calibration 
(See also 2-66 to 2-151) 

Crystal calibrator circuits 

• Figure numbers 

• Principal requirements of 

Crystal check points 

2 3 " 5 

294 296 
297 
307 
309 

248 355 

306 322 

6 '1 8 9 

277 339 350 
292 
294 
296 
297 
309 

329 347 

277 328 350 
283 329 
298 338 
322 340 
323 343 

344 

135 149 
(D,E, {D, 

Z} F,G) 
137 151 

(F,G, (C 1 
L,M, 153 
V) (E-
138 J) 

"' (B, 186 
D} 

10 11 12 

390 

365 376 
881-
383 
885 
388 
391 

358 365- 390 
362 369 
363 371-

373 

363 365 389 
367 515 
369 
374 

365 
369 
371-
374 

357 

175 

~· 

13 14 15 16 17 18 19 20 21 22 23 24 

406 551 
407 

394 406 422 425 248 
417 
418 

393 406 421 542 
394 407 

411 
417-
420 

267 406 421 425 426 426 426 436 542 438 220 
393 407 427 427 427 513 436 

417- 515 438 
420 516 

417-
420 

438-
440 

187 184 185 186 159 
(A- 187 186 
D) 187 

438- 438-
440 440 

439 439 
440 440 

0 
"' c. 
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CRYSTAL OSCILLATOR DESIGN 
CONSIDERATIONS (Continued) 

Crystal current 

Crystal element characteristics 

" 

Crystal impedance meters 

•Application 

•Design of 

•Figure numbers 

• Military Standard test sets 
( See also paragraphs 2-66 to 
2-151.) 

Crystal oscillators, early devel-
opmentof 

Crystal oscillators, types of 

- 3 

89-
119 
192-
200 
246 
247 
254 
256 
259-
261 
305 

274 

17-
22 

274 
275 
449 
560 
586 

4 5 6 7 

216 205 233 233 345 
232 210 237 237 348 
233 249 277 332 
594 594 284 339 

286 
289 
290 
293 
294 
300 
301. 
303 
812-
317 
323 

208 207 .. 
209 217 
212 253-
217 255 
276 
317 

229 

276 

276 345 
345 351 
351 355 
354 356 

449 

9 10 11 12 13 14 15 16 17 18 

353 361 366- 377- 393 412 
362 368 379 394 

351 357 364- 391 396 413 426 426 
358 368 414 
363 374 

. 

352 405 
417 

373 
374 

405 
417 

851 

19 20 21 22 23 24 

540 188 
542 220 
543 259 

426 438 

436 

436 188 
220-
225 
436 

220 220 
436 436 

106 106 
185 185 
(A- (A-
C) C) 

436 25 
220 
236 

539 

Oc,, .. . 
!:!. a; 
=o a ::i 0 _._ .. 
;
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Crystal parameters (See Pa-
rameters of crystal unit.) 

Crystal power 

Crystal unit, major factors de• 
termining selection of (See 
also Crystal element charac-
teristics.) 

•Availability 

•Driwi level 

• Frequency 1·ange 

• Frequency tolerance 

• Load capacitance 

•Maximum effective resistance 

• Maximum shunt capacitance 

2 3 

181 
186 
230 
249-
252 
256-
261 
303 

181 
256-
261 
311 

354 

354 215 
257-
260 

354 

228 
261 
583 

4 5 6 1 

214 249 284 333 
215 286 336 
230- 293 339 
233 295 340 
237 296 

301-
303 
312-
316 
319 
324 
566 
567 

339 

214 277 333 
301- 278 336 
303 282 339 

284 340 
286 344 
293 
311-
316 
566 
567 

276 277 336 
278 
295 
301-
303 

276 277 
278 
291 

317 278 332 

214 229 278 iii 230 293-
295 
300 
303 
312-
316 
566 
567 

a 9 10 11 12 

359 370 379 
361 372 38-7 
362 397 

399-
404 
568 

374 

353 359 370 379 
361 387 
362 568 

351 357 370- 376 
375 387 

357 376 
387 
568 

348 352 

348 353 361 368 376 
362 377 

379 
385-
387 
568 

365 385 

13 14 15 16 17 18 19 20 21 22 23 24 

401 408 421 432 434 220 
402 412 221 

413 224 
415 
420 

I 

414 

392 412 421 432 540 
397 413 
399- 415 
404 

392 413 421 429 430 432 433 539 354 
402 414 431 
403 

392 413 421 429 430 432 438 354 
404 414 431 438 

354 

393 411- 421 423 429 430 432 433 540 
394 414 425 431 
396 
401-
403 

394 414 422 424 426 426 426 
419 429 430 432 

0 • £: 
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CRYSTAl OSCIUATOR DE"IGN 
CONSIDERATIONS {Continued) 

•Mode of operation 

•• Fundamental, overtone 

••Parallel, series 354 

•Mounting method 

•Operating temperature range 

•Relative performance char-
acteristics 

•Special test specifications 

•Type of holder 

•See Section II for full descrip-
tion of Military Standards 
and Military Test Specifica-
tions for recommended crys-
ta! units. 

Crystal voltage 

•A-C 

3 4 5 6 ., 

276 355 277 339 

594 214 277 
276 

24 320 339 
132- 566 
170 567 
178 
268 
320 
577-
579 

22 277 
23 

252-
255 
304 
582 

226- 317 287 339 
261 288 343 
305 

25 285 332 
317 286 339 
320 295 344 
581 300 
582 32(1 

24 320 339 
171 
320 
579 

143 232- 320 336 
248- 234 324 339 
250 340 
320 343 

8 9 10 11 12 

351 364 376 
365 377 

387 

350 351 887 

351 365 381 
385 
568 

349 853 373 387 

357 365 386 
362 

351 357 365 
862 368 

365 381 
385 

345 361 365 
348 362 366 

368 

13 1-4 15 16 17 ld 19 20 21 22 23 24 

392 407 428 428 428 433 
403 414 
405 

393 425 428 428 428 433 550 
403 429 430 432 551 
405 431 

393 414 570 570 
894 571 

672 

414 540 
541 
572 

393 414 438 438 
394 
396 

414 426 426 426 438 438 

393 414 
394 

393 436 220 
436 

M>•:-r.. 
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•D-C (See D-C voltage across 
crystal unit.) 

Damping of tuned circuits 

D-C voltage across crystal unit 

•Effects of 

• Methods for reducing or elim-
inating 

•Terminal polarity test 

Degradation of crystal Q by 
resistance in external circuit 

Drive level of crystal 

Effective resistance of crystal 
unit 

--C------

• Effect on amplitude 

2 3 

320 

152 
309 

143 
320 

143-
152 
320 
321 

249 
300 

143 
149-
153 
181 
238 
249 
251 
256-
261 
311 
317 

182-
186 
189 
199 
200 
204 

_., __ ,.__ __ 
152 
228 
249 
308 
309 
311 
583 
586-
589 

4 5 6 7 9 

320 

355 309 
311 

320 

320 
321 

240- 300 
242 

214 278 333 353 
215 282 336 
230- 284 339 
233 290 340 
237 291 343 
276 293- 344 

295 
301-
303 
311-
316 
324 
566 
567 

•- ---·--- ,_.,. ____ 
~--·~ 

280 336 
284 

---.. ~·-- ., .. 

214 229 290 336 
230- 584 293 339 
237 295 
584 301 

303 
308 
309 
311-
316 
566 
567 

10 11 12 

381 
382 
385 
387 
389 

386 

359 370 379 
361 372 387 
362 568 

----~-,_ ---
358 377 

.. .,,-. .. .,..,,-····----

361 379 
362 387 

568 

..,...,,_, __ --

13 14 15 16 17 18 19 20 21 22 23 24 

406 423- 426 426 426 433 
418 425 429 430 432 

431 

2-47 

396- 413 425 435 549 
399 
401-
404 

392 412 421 432 434 220-
401- 413 224 
403 415 

416 
420 

t-

Jg_ 
393 417 426 426 426 433 220 
394 418 427 427 427 224 

429 430 432 
431 

'-~·----'----- ,, ,,,,, .,,...,,.,....,., ·-··- --- --- ',., 

401- 406 436 540 224 
403 411- 543 436 

415 558 

.. 
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CRYSTAt OSC!ltAlOR DESIGN 
CONSIDERATIONS (Continued) 

•Effect on fefdback Q (Q,) 

• Effect on frequency stability 

•Expected range of values 

• Maximum value 

•Minimum expected value 

• Most probable value 

•Reducing the effects of 
changes in 

Efficiency of circuit 

Electron-coupled circuits 

- 3 

250 
597 

199 
200 
202 
205 
209 
294 

216 
300 
303 

199 
200 

199 
200 

254-
256 
261 
308 
309 
595 

248 
296 

279 
322 

4 5 6 7 

233 279 332 
244 281 
270- 289 
273 297 

298 

210- 206 279 332 
212 207 281 333 
214 240-

242 

217 278 332 
271 290 336 

294 339 
295 343 
300 
301 
312-
316 

271 584 278 333 
584 285 339 

290 
293 
295 
300 
303 
312-
316 

271 290 
295 
301 
312-
316 

295 333 

214 278 332 
271 295 333 

308 
309 
320 

276 284 339 
296 
312 

279 
322 
327 
567 

8 9 10 ll 12 

348 

348 359 368 376 

348 361 379 
362 387 

348 353 362 379 
385 
387 

362 379 

362 379 

348 361 
362 

349 376 

13 14 15 16 17 18 19 20 21 22 23 2-4 

556 

396 406 
399 418-

415 

401 412 422 425 549 
402 414- 551 

416 

401- 411- 433 
403 415 434 

401 412 
415 

402 
403 

401 412 436 553 436 
402 413 555. 

415 559 

405 420 541 
544 

or ;_a:, 
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•Advantages of 

• Design features of 

•Figure numbers 

Feedback circuit 

• Eff cct on state of oscillation 

Feedback Q (Q1 ) 

Filament voltage 

• Effect of variation of 

First crystal oscillator 

2 3 

320 
322 

322 

267-
273 

269- 245 
273 294 
298 298 
306 590-

594 

271- 294 
273 

313 
315 

315 

17 
18 

4 5 6 7 

214 320 322 
322 439 
565 

322 439 
327 
510 
567 

137 139 
138 152 
139 186 
247 
2-2 
2-6 
2-18 
2-22 
2-28 
2-32 
2-54 
2-56 

269- 279 
273 281 

295 
297 
324 

233 240- 277 277 
237 242 278 328 
244 282 332 
273 284 334 
291 289 336 

2!14 339 
298 341 
321 
322 

271- 277- 277 
273 284 332 

289 
294 
295 
297 
298 
321 
323 

315 315 

8 9 10 11 l 2 13 14 15 16 17 18 19 20 21 22 23 24 

375 387 421 431 489 439 

375 388 421 431 439 439 
390 

172 174 180 182 186 186 
(C) (A) (C) (D) 187 187 

175 
(I) 
2-26 
2-66 

348 357 377 267 421 423 540 
386 542 

546 

345- 360 365- 386 393 412 429 220 540 220 
347 368 394 415 436 542 436 

402 

347 543 
556 

0 
"' !:!: 
i" 
ir _,. 
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CRYSTAL OSCILLATOR DESIGN 
CONSIDERATIONS (Con!inved) 

Frequency adjustment 

' 

Frequency division 

•~enerative frequency di-
v1 er 

Frequency-mixing circuits 

• Figure numbers 

Frequency multiplier circuits 

•Figure numbers 

2 3 4 5 

211 215- 217 
246 217 355 
247 273 
322 317 

598 

7 322 276 

6 7 

277 328 
291 329 
298 337 
317 339 
321 341 
322 344 

279 
327 

135 152 
(J,L- (A,D, 
Q,Z) J,K) 
138 153 
2-2 (H-
2-22 J) 
2-54 
2-56 

322 322 
325 339 
326 

136 139 
(E,H, 149 

I) (F,G} 
137 150 

(C-N, (A-C) 
U,V} 151 
138 (H,K 
(B, 152 
D) (A,B, 
139 D-G, 
2-6 1-K) 

2-28 153 
(H-J} 

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 

350 352 363 364 376 417 431 436 439 436 
369 387- 418 437 445 439 
371 389 455 2-66 
374 458 to 

464 2-15] 
509 
513 
517 
528 
531 

353 438 438 
440 440 
445 2-92 
450 2-94 

2-118 
2-183 
2-134 

440 440 

1350 389 440 440 
390 538 443 

2-122 
2-124 

to 
2-135 

187 187-
221 190 

2-76 
to 

2-82 

375 376 421 431 438 438-
387 538 440 
388 2-111 
390 to 

2-117 

172 174 180 182 186 186 
(C) (A) (C) (D) 221 187 

175 187 
KA-F, 

H,I, 
L) 

2-26 
2-66 

sir 
£: g._ 
-Cl a :s 
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S" 
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2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 ___ ,_ . ~-
:e Frequency stability 263 267 274 273 207 277 315 , 347 
> 265 269 294 275 2,5 279- 328 349 
~ 266 322 296- 276 276 285 330 

585 298 287 355 287 332 = 597 301 288 288 335 
598 302 315 294 338 

~ 304 296- 339 
, 305 .298 341 
; 309- 309- 342 
o, 311 311 

~ 

Frequency stability coefficient 
( Sec Frequency stability in• 
dices.) 

F1·equency stability indices 

• Equations of 

• Estimating values of crystal 
parameters appearing in 
equations of 

314 315 
315 322 

566 
567 

227 , 2431240 12s1 I 338 
238 244 241 288 
239 287 
245 288 

2431240 
(1) (1) 

241 
( 1,2) 

356-1356 356 356 356 
359 366 376 392 406 
363 368 380- 393 413 

371- 387 396- 415 
373 391 400 417-

568 404 420 
405 

386 I 396· 
401 
404 

396 
(1,2) 
399 
(3,4, 
5) 

Frequency stability equations 
(See also Frequency stability 
indices.) 

598 
( 1) 

184 
185 
190-
201 
207 

287 
(1) 

287 
(1,2, 
3,4, 

338 
(1,2, 
3,4, 

358 
(4,5, 
8,10, 

L-~~t--h98l~ltrsf~~-·-~· I I 
5) 
288 
(2) 

5) 11, 
12) 
359 
(5,6, 
8,9} 

356 I 356 I 356 
421 426 

428 
429 

356 
426 
428 
430 
431 

i;;q~eney ;~bility improvedby~--.L---'--~ ,. ___ ·'- - ·T-- · · · i · J t · i -r i · ·1 ·t 1-r--
an-::es 381- 394 4U7 

385 418 

356 , 356 I 356 
426 433 
428 435 
432 

6411438 551- 439 
558 462 
570 524 
572 

438 
440 
570 

187 
188 
218 
225 

t
.A;ti;.~;;;,ati-;;g·shun~·ea;t.- .L .. i . J --1· \55 · 347 · ··1365. ·376 3.93 406 -.422.· 425.·17·-.. -.. T'" I I I 551 

I 383 417 

F ::::~:,::_::,~~:~rt 1;,J 21

: t' i J i 350 

I iim I mlm I }:l l (f j I 436 I 5

~ I~ ''" i 
•Bm,d-b,mdhnedcireoits +- I I I '4~~!~ Jd ~:~ I I 418 ( 7 T f 433 I 380 

I I j i: 1--1-- ____ . _ _ ss, ----;------t---i------
•"c1ass D" operation ~J.:?~l_L 298 342 _ 555 

0 

3: 
Ju, ... ;-a 
a.o 
• :I 
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CRYSTAL OSCILLATOR DESIGN 
CONSIDERATIONS (Continued) 

• High Q in crystal circuit 

•HighQ1 270 

•Increasing plate-circuit 
resistance 

•Large gridleak resistance 

• Low crystal drive 

•Maintaining resistive plate 269 
circuit 271 

•Minimizing effects of distrib- 269 
uted impedances 

• Minimizing effects of varia-
tions in 

••Grid capacitance 

.. Load capacitance 

3 4 5 6 

186 212- 207 277 
217 214 240 282 
250 216 241 297 
274 308 
297 

294 277 
279 
282 
284 
294 
295 

lllO 277 
282 
284 
294 
297 
298 

296- 277 
298 282 

296-
298 

181 276 277 
252 282 
256- 284 
261 295 
314 324 

277 
282-
284 
323 

186- 205 279 
189 207 
245 217 
252 

245 295 
298 

245 211- 284 
213 295 
217 298 
243 301 
244 318 

566 

7 8 9 10 .11· ,i2 
'< 

367 376 
368 319 

381 
385 
386 

332 

333 
337 

341 348 387 

379 
387 

332 347 357 368 376 
348 377 

380-
385 
387 

339 347 357 365 376 
363 369 380-

371 385 
372 387-
374 389 

359 373 381-
383 

332 368 

13 14 is 16 17 1a 19 20 21 22 23 24 

' 

393 41:3 425 435 549 
396-
399 
404 

429 

398 

401 413 
402 

393 
394 

393 417- 424 219 
394 420 

392 406 
399 
400 
404 

Oi' 
~!i, 
=o 
0 ::i 

i-
:i 
D. • I< 



2 3 4 

~> .. Load resistance 21 245 I 214 
o 271 322 
n 322 

;I .. Plate capacitance 322 245 
322 

(n 
0, 

~ I .. Plate resistance 

°' 

•• Plate voltage 

••Temperature (See also Ovens, 
and Temperature control.) 

••Tube gain 

20 1245 
2il 298 
298 310 

311 

20 1245 
298 298 

22 I 215 
23 

252-
261 

298 I 245 

5 6 7 8 

322 

242 I 322 

277, 332 , 347 
282- 335 348 
284 337 
294 342 
298 
310 
311 
323 

2771332 I 347 
282- 341 
284 342 
298 
323 

277 

282-1332 

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 

402 

359 I 373 I 381 I 399 I 413 
400 
404 

368 , 380-, 402 
373 385 403 

368 , 380- I 403 
369 385 

387 

363 I 373 I 380-

554 

474 

~ I I I I I I I~ Im I I I I I ' ' , , , , , , , , , , , •Minimizing harmonics 3221245 
595 249 

304 

385 

359 
363 

387 435 558 I 438 I 438 

• Minimizing grid losses 271 
294 

305 
308 
311 

296-
298 
:~01 
306 
307 
308 

273 

311 
321 
322 

277, 332 I 348 
282 33{j 
284 339 
294- 341 
298 
307 
308 

359 387 I 392 421 

l•Mhtl""•"'•".. i I i 1-+-Hi~ .,, --r[--~--.--~--379-'s92f-· 
;------...--• -+---1---+--+-JL~''_,_ - J I 'J_ -

36J;81 
382 
383 
387 

··••·•···-· ' ... ·. --!--,.,,,. ___ ., ... ~.--··•~ .• -4---,.--~---; 

·· r- -- -+·· --1 ... -- 1-- · l··~·-+--1-1 --111---1---1 
421 •Minimizing transit time 

t-----------i--+---+---+--+---t--+-- • I I I I I - I I I 1·---1---+--+--+--+---+---t----t 
•Neutralizing circuits 245 

326 
3261339 383 , 392-j 406 I 422 

387 394 419 
389 

435 

0 
"' 2: 
i 
0 VI .. " _,.. 
:, ::!'. 
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CRYSTAl OSCILlATOR DESIGN 
CONSIDERATIONS (Continued) 

•Optimum relations among sta-
bility parameters 

•Plate phase stabilization 

•Suppressing parasitic and 
free-running oscillations 

Frequency stability versus 
amplitude stability 

Frequency stability versus 
output amplitude 

Frequency synthesis 

•Estimation of all frequencies 
involved in synthesizing net-
work 

•Methods of synthesizing fre-
quencies 

•St!!-bility of channel frequen-
c1es 

2 

266 298 

269 
530 

263 

595 
596 

. 

3 .. 5 6 7 9 

302 210 245 285 332 
310 273 298 337 
562 302 342 

310 

282 
283 
323 

426 

245 214 283 330 
296 315 284 
297 296 
322 297 
581 315 

322 

245 214 277 277 
249 282 328 
294 284 330 
296 286 341 
301 294 
302 296 
581 330 

276 

276 

10 11 12 

359 368 377 
361 379 
362 387 

383 

365 381 
373 
389 

360 366 
361 368 

356 356 356 
371 379 
372 

13 14 15 16 17 18 19 20 21 22 23 24 

392- 413 426 426 426 553 474 
394 415 429 430 432 555 
396- 419 431 
404 

394 530 

406 421 424 426 426 426 435 554 458 

401 406 
415 
417-
420 

356 356 356 356 356 356 356 356 356 
392 413 421 428 428 428 
397 417-
404 420 
405 

441 
538 

440 
442 
445 
449 
455 
461 
464 
519 
522 
525 
529 

276 440 
440 443 
442 2-124 
455 
463 
508 
509 
512 
517 
530 

442 
458 
462 

011\ .. " 0. g.~ 
=o a ::, o-.. 
;
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•Total number of channels 

Frequency tolerance (See also 
paragraphs 2-8, 2-18.) 

263 354 

Gain of 

• A utotl'ansformer 

•Cathode follower 

•Conventional vacuum-tube 268 
amplifier 269 

• Electron coupling 

•Grounded-grid amplifier 

•Grounded-plate amplifier 

•Thermistor bridge 

Gain control (See also Ampli-
tude range.) 

•Automatic 

•By loading 

•Grid leak 

3 .. 5 6 7 

245 215 355 277 328 
252 276 356 278 339 
304 317 310 
305 311 
310 317 
317 
582 

233 282 328 
237 284 333-

286 336 
308 .339 
311 

322 214 322 322 

322 321 
322 

214 

308 214 308 308 
310 315 
315 

309 295 
309 
321 

214 
273 

a 9 10 11 12 

347 356 356 356 
349 357 387 

568 

365 
368 

378 
383 

345 360 365 
348 

378 

378 

357 
358 
360 

360 

360 

352 363 

379 

13 '' 15 16 17 18 19 20 21 22 23 24 

'442 
455 
463 
509 
512 
517 
537 
538 

356 356 356 356 356 356 356 356 356 552 438 354 
392 406 421 429 430 432 439 438 
404 414 431 462 439 
405 

393- 407 421 
395 408 422 
397 410-
398 414 
.(01- 417-
404 420 

409 378 
410 383 

421 
422 

395 434 

409 513 
410 523 

402 
403 

412 
415 

474 

-

g 
£: 
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OtSTAL OSCILLATOR DESIGN 
CONSIDERATIONS (Coo',,, ··1) 

•Manual 

•With load isolated 

Gain, optimum 

Grid choke 

Gridleak bias (See Bias,) 

Gridleak current 

Gridleak resistance (Rg) 

• Effect on amplitude stability 

• Effect on frequency stability 

• Effect on oscillator keying 

• Effect on output control 

•Value of 

- ~ 

301-
30:l 
311 

322 

308 
322 
562 

294 294 
297 
307 

294 296 
300 
307 

296-
307 

296-
308 

245 
296-
298 

296 
304 
305 

306 296 
301-
303 
305 

306 296-
308 

- ~ V 0 

294 340 
295 
2!l8 
301-
303 
311 
318 

322 

233 284 328 348 
237 286 333-
273 290 336 

291 339 
293-
295 
301 
303 
308 
311-
316 
322 

294 339 
297 

254 284 339 
294 
296 
300 

296- 345 
307 348 

273 296-
308 

273 281 341 
282 342 
296-
298 

296 
304 
305 

273 296 340 
301- 341 
303 
315 

277 333 348 
278 341 
282 
296-
308 
311 
313 

y ,v ., ,~ '" D 

362 365 387 
366 

360- 368 392- 411 
362 394 413 

397- 415 
399 
402-
404 

352 359 365 379 407 

379 

352 387 417- 422 
398 420 

10 II IH 19 ,u 21 22 

220 540 

220 

434 540 

220 

425 

23 24 

220 

220 
254 

438 438 

or 
"' " C. ::. 
=o 
0 :s o-.. 
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Grid losses 

• Effect on feedback Q (Q, J 

• Effect on grid capacitance 

• Effect on oscillator stability 

• Effect on state of oscillation 

• Input loss of vacuum tube 

•Minimized by grid choke 

Grounded-grid circuits 

•Figure numbers 

Grounded-plate circuits 

2 3 

296 
297 
307 
308 

298 

308 

305 

305 

294 294 
296 
297 
307 

322 320 
322 

4 5 6 7 

296 331 
297 
308 

271 281 332 
273 282 

284 
297 
298 
321 

298 

214 282 332 
271 284 341 
273 296 
296 297 
297 300-

303 
321 

214 278 332 
271 281 333 
273 282 339 

284 341 
287 
321 

295 

294 339 
296 
297 

~--· 
320-
322 
566 
567 

8 9 10 11 12 

367 
368 

367 
368 

.,. 

37i 
378 
382 

174 
175 
2-4 
2-8 
2-10 
2-20 
2-24 
2-26 
2-30 
2-38 
2-40 
2-66 

377 
378 

13 14 15 16 17 18 19 20 21 22 23 24 

I 

392 

392 
395 

392 421 
395 

406- 523 
420 

179 181 182 215 
2-12 2-14 (B) 

2-16 
2-48 

421 437 
422 

0 
"' S: er ... 
0 11'1 .. . _,. 
:s ::r. 
Q. 0 
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CRYSTAL OSCILLATOR DESIGN 
CONSIDERATIONS (Continued) 

• Figure numbers 

Harmonic of crystal ( See also 
Crystal element characteris-
tics.) 

•Overtone versus fundamental 

Harmonics of oscillator 

•Generation of 

•In output 

• Reduction of 

Heterodyne circuits (See Fre-
quency-mixing circuits.) 

Impedance inversion 

2 3 

75- 183 
86 192 

197 

253-
256 

265 
266 

595- 245 
598 304 

311 
322 

595. 245 
598 249 

304 
305 
311 
322 
582 

595 245 
249 
308 
311 
322 

426 426-
428 

4 5 6 7 8 9 

135 139 
(R-Z) 151 

137 (F,G) 
(A-H, 152 
J-N, (D-
P-V) L) 
138 

(A,B, 
D) 
139 
243 
247 
2-6 
2-18 
2-28 
2-32 
2-54 
2-56 

276 207 351 

276 277 339 351 

311 
322 
325 

311 
322 
325 

277 329 
308 343 
311 
321 
322 

10 11 12 

172 174 
(C) 175 

(G,I, 
J,K) 
2-4 
2-8 

2-10 
2-20 
2-24 
2-30 
2-38 
2-40 

363 364 376 
365 377 
373 391 
374 

364 376 
377 
387 

. 

375 376 
387 
388 
390 

356 356 356 
359 388 

390 

359 387 

13 14 15 16 17 18 19 20 21 22 23 24 

180 181 182 182 185 
2-14 (B) 
2-16 

(D) (D) 

2-48 

403 407 428 428 428 
405 414 

417 
418 

392 433 

431 437 438- 438-
441 440 
455 l:!-111 
464 
473 
478 
519 
530 

356 356 356 356 356 356 356 356 356 541 438- 438-
431 437 551 440 440 

558 445 
572 537 

538 

435 551 452 
558 525-

529 

0"' .. II> 
" !l =o· D :S 
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•Application of 

• Analysis of basic circuit for 

Impedance of crystal unit 

•Response to changes in fre-
quency 

Inductance ( See also Coils, in-
ductors.) 

• Anti resonant 

•Circuit 

•Distributed 

•Dynamic 

•Leakage 

Interchangeability of crystal 
units -

3 

426-
432 

426 
427 

203 
204 
209 
426 
427 
584 

202 
203 
209 
210 
217 
238 
239 
245 

248 

306 305 
322 322 

426 
427 

182 
186 
187 
217 

25 
226 
254 
294 
300 
308 
309 
317 
579 

4 5 6 7 8 

213 355 277 333 348 
214 279 336 
270 284 240 
276 285 
317 290 

317 

213 240- 287 340 348 
214 242 288 
243 254 291 
244 298 
273 317 
287 
288 
317 

355 329 347 

271 277 328 
283 329 
322 332 
323 338 

340 
343 
344 

205 
207 
355 

278 
280 

271 275 271 271 348 
275 277 328 
317 278 332 

290 333 
291 336 
294 339 
295 343 
300-
303 
312-
317 

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 

427 427 427 436 440 436 
429 430 432 440 

431 

351 357 366- 377 393 411- 422 423- 426 426 426 433 436 540 436 
358 368 379 394 418 425 427 427 427 434 647 

385 401- 429 430 432 550 
391 403 431 555,-

405 659 

366 386 396 

365 376 393 406 422 425 542 
381- 394 407 543 
383 417-
385 420 
388 

365- 393 406 422 425 426 426 426 277 542 438 436 
367 394 407 427 427 427 436 543 438 
374 417- 429 432 551 

420 

358 365 389 393 417 219 
363 418 

369 

393 417 
418 

361 271 379 401- 412- 422 425 271 271 434 436 543 439 436 
362 364 387 403 415 437 547 441 439 

371 405 417 656- 444 
374 418 559 0 

"' ~ 
ci' o..n .. . _.., = :r. 
£1.0 • = 
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CRYSTAL OSCILLATOR DESIGN 
CONSIDERATIONS (Continued) 

Inte,.·mittent oscillations 

Keying 

•Of crystal oscillator 

LC oscillators 

•Crystal stabilized 

•Figure numbers (Circuits in-
dieated can ofierate as free-
running osci lators if the 
crystal unit is shorted out, 
or else is removed.) 

•Switching from crystal con-
trol to 

Leads 

Limiting action 

• In generalized oscillator 

•Of plate varistor 

. 

531 

7 
21 

213 
267-
273 
305 
306 
314 
328 

306 

585 

267 
268 
596-
598 

294 

3 - " - 5 - 6 7 8 -

282 593 593 282 345 
297 594 594 297 346 
305 

304 
305 

149 304 305 
304 305 
305 

274 355 350 

155 
(B, 
C) 

396 296 339 350 
306 

182 205 
184 207 
187- 355 
189 
201 
217 
245 
579 

585 585 585 339 

585- 214 586- 586-
598 232 695 595 

236 
273 

294 294 
305 295 

9 10 11 12 

389 

357 364 377 
363 387 

389 

163 167 174 
164 168 175 

169 2-10 
170 2-26 
171 2-38 
172 2-40 

2-66 

389 

365 376 
369 387 

389 

379 

352 

13 14 15 16 17 18 19 20 21 22 23 24 

581 

531 

220 455 220-
436 491 224 
437 630- 436 

538 

177 179 180 181 182 182 182 184 106 187 106 
2-60 2-12 2-14 (B) 

~) 
(E) 2-68 185 219 185 

2-68 2-62 2-16 220 (A-
2-48 221 C) 

220 220 
436 436 
437 

523 219 
i-122 

558 
559 

ova 
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•Of thermistor 

•Of transistor 

•Of transitron circuit 

•Of vacuum tube with age 

•Of vacuum tube with cathode 
bias 

•Of vacuum tube with fixed 
bias 

•Of vacuum tube with grid-
leak bias 

Load 

•Coupling to 

• Effect on oscillator perform-
a.nee 

• Location of 

• Requirements of 

2 

294 
595 

337 

294 

282 
306 

21 
322 

265 21 
266 269-

272 
281 
322 

281 

3 ' 5 6 7 

294 
595 

590-
594 

590-
594 

308 308 339 
311 311 

305 337 

294 294 339 
300 295 
305 300 

296 214 282 339 
300 232 284 
311 273 296 

300 
311 
315 

230 

309 242 286 328 
322 291 339 

309 340 
321 
322 
566 
567 

238 214 277 322 
245 278 332 
298 280 333 
305 281 336 
309 284 339-
322 286 343 

291 
295 
298 
309 
314 
322 
567 

298 328 
321 
322 
567 

582 280 332 
281 333 
289 336 
291 339 
322 344 
567 

8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 

357 559 
360 
362 

540 

425 429 546 

379 

411 

349 352 363 370 387- 406 435 437 454 
371 390 418 523 
375 

345 363 387 392 406- 429 540 
348 389 393 408 

405 411-
413 
415 

349 356 356 356 356 356 356 356 356 356 356 356 356 540 
370 376 393 406 421 429 430 432 433 
371 387- 405 407 431 435 
375 390 417-

420 

348 387 393 406 429 433 540 
388 397 407 

404 412 
415 

0 
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CRYSTAL OSCILLATOR DESIGN 
CONSIDERATIONS (Continued) 

Load capacitance of .crystal 
unit ( C,) 

•Analysis of 

• As mathematical abstraction 
of generalized circuit 

•Dynamic component intro .. 
duced by vacuum tube 

• Effect of stray capacitance 
upon 

•Ensuring specified value of 

• Relation to crystal perform-
ance 

• Relation to frequency 

• Relation to frequency sta-
bility 

2 3 4 5 

210 
211 
230-
232 

233 

217 
233 
245 
317 

212 
230-
233 
236 
317 

354 225 210-
217 
233 
317 

354 210-
217 
233 
243 
244 
287 
288 
317 

6 7 8 

278c 328 
l8Z ;~32 
290 
294 

233 233 
278 
282 

278 332 350 
280-
282 
287 
290 

278 
279 
287 
290 
311 

278 332 345 
284- 334 348 
286 336 
289- 339 
291 344 
293 
294 
301 
312 
317 
318 
566 

271 340-
285 343 
290 
291 
317 

290 328 850 
291 332 
298 340 
317 341 

287 334 
288 
298 
317 

9 10 11 12 13 14 15 16 17 18 

352 

367 
368 

352 367 
368 

367 
368 

19 20 21 22 23 24 

---- -- ---

439 222 
439 

551 

218 
221 
223 
354 

551 354 
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•Value specified bL Military 
Standard (See a so Section 
II.) 

Measu1·ernent of 

•Crystal parameters (See also 
Parameters of crystal unit, 
determination of.) 

•Frequency 354 
( See paragraphs 2-66 to 
2-151.) 

•Oscillator performance char-
acteristics 

• Physical properties of gases, 
liquids, solids 

•Stray capacitance 

•Temperature (See also Sec-
tion II, under Requirements 
and Procedures of Tests, 
paragraphs 2-21 to 2-50.) 

•Time 2-73 

Meter, CI (See Crystal imped• 
ance meters.) 

3 4 5 6 

217 278 
222 279 
233 284-
236 288 
317 290 

291 
293 
312 
316-
319 
5611 

22 222 207 
223 221 

291 
298 
302 
312 
343 

95 
96 
110 
248 

188 290 
292 292 

2-81, 
89, 
104, 
105, 
145 

23 
119 
2-92 

7 8 9 10 11 12 

332 345 352 
336 348 
339. 
341 
344 

337 352 373 
374 

337 352 357 

337 365 387 
340- 366 391 
343 370-

374 

387 

--

13 14 15 16 17 18 19 20 21 22 23 24 

218 
222 

436 210. 
225 
235 
236 
436 

405 438- 22 
417 440 119 

218 
221-
223 
354 
357 
438-
440 

392 417- 429 430 432 541 
403 420 431 
405 

433 

110 

23 
119 

~ e: 
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CRYSTAL OSC!llATOR DESIGN 
CONSIDERATIONS (Continued) 

Military Standard crystal units 
and holders (See Sections II 
and III, respectively, for com-
giete descriptions of Military 

tandards for individual types 
of crystal units and crystal 
holders.) 

Multiple frequency. generation 

Multistage oscillators 

Negative capacitance (See Ca-
pacitance.) 

Negative resistance (See Re-
sistance.) 

Neutralizing circuits 

Oscillator modifications 

2 3 

25 
133 
188 
200-
202 
208 
209 
226 
21'4 
256-
258 
260 
261 

7 308 
306 309 
596- 822 
598 

269 

245 
326 

283 245 
306 301 

303-
309 
311 
428 

4 5 6 7 8 9 

212 207 278 332 353 
217 220 279 336 
222- 221 291 339 
224 293 340 
233 295 
236 479 
271 481 

486 
495 
510 
516 

376 277 328 
301 344 
303 
308 
309 
322 

345. 
350 

326 339 

214 428 271 271 349 353 
271 277 329 350 
273 279 339 
428 282-

286 
291 
294 
305-
309 
311 
317-
327 
566 
567 

10 11 12 

472 
510 
514 
515 

356 356 356 
371 376 
8'14 387-
375 390 

363 373 376-
374 391 

472 
510 
514 
515 

383 
387 
389 

363 369- 376 
375 382-

384. 
388-
391 
568 

13 14 15 16 17 18 19 20 21 22 23 24 

396 414 220-
403 415 224 

356 356 356 356 356 356 356 356 220 438- 220 
404 421 431 356 538 486 
405 436 571 438-

437 440 

433. 440 440 
435 

392- 406 383 435 
394 412 422 

419 

394 421 427 431 435 436 339 354 
404 436 437 440 436 
405 440 
416· 
420 

0"' .. Cl> 
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• Figure numbers 

Output control 

Output power 

Output-to-crystal-power ratio 

Ovens (See also Section IV.) 

Packaged oscillators 

2 3 

131 131 
182 

306 214 
337 296 

301-
303 
308 
309 
311 

294 214 
306 228 

230 
294 
300 
304-
306 
322 
582 

228 

22 
23 

215 
252 
253 
279 
317 

560-
584 

• 5 6 7 8 

123 123 139 155 
131 131 142 
142 134 143 

135 149 
136 150 
137 151 
138 152 
139 153 
182 182 
(C, (E) 
D) 186 
187 221 
243 
247 

428 284 337 
291 
293-
296 
298 
301· 
303 
308 
309 
318 

237 275 277 277 349 
275 355 278 305 

284 322 
286 328 
287 330 
294 333 
305 339 
314 340 
319 
322 

231 383 
233 339 
237 340 

f--'-•• ~-. 
317 279 349 

317 
479 
481 

566 
567 

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 

157 163 167 174 177 179 180 181 182 106 182 183 106 228 186 106 
158 164 168 175 182 (B) 182 (E) 184 182 232 187 159 

169 250 (B) (C, (C, (B) 188 185 
170 D) D) 233 189 (A· 
171 187 185 240 192 C) 
172 264 196 186 

256 199- 187 
257 203 

205 
206 
210-
217 
219-
221 

352 357 366 379 401 412 435 436 540 338- 338-
360- 387 402 415 555. 441 440 
363 388 417- 559 448 436 

420 

356 .356 356 356 356 356 356 356 356 356 356 356 541 338 338 
370 376 392 406 421 429 430 432 544 454 
372 397 408 431 538 

399 412-
404 415 
405 417-

420 

392 408 421 432 
397 411 
399 413 
404 415 

420 
-~--- ,- ·-,--

387 571 
472 
514 

572 

i--·- -- . ""- .. ,,,.,.__._ -- _ ...... _~ ---- .... - ,.. _ 
___ L 371 568 406 569- 570 

572 
- ,.., ·- _, ---•·-~ ...... -- ·-
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CRYSTAL OSCILLATOR DESIGN 
CONSIDERATIONS {Continued) 

Parameters of crystal unit, de-
termination of (See also Crys-
ta! element characteristics.) 

Plate cha~acterist.ics, require-
mentsof 

Plate-circuit design 

Plate d-c voltage 

• Magnitude of 

, J 

184 
185 
188 
190-
204 
208 
209 
217 
246-
250 
584 

272 245 
303 
305 
311 

272 245 
306 249 

308-
310 

214 
245 
309 
310 
311 

245 

4 5 - 6 - 7 

210- .::us- 279, 337 
212 207 300 
216 229 305 
230- 240 
237 241 
243 
244 

273 280- 332 
262 333 
284- 335 
286 336 
290 339 
293- 342 
295 
308 
310-
316 

271 278 328 
305 280 329 

281 332-
283 334 
284 336 
286 339 
289 342 
290 
293 
294 
298 
308-
316 
318 
320-
327 
567 

288 277 335 
284 
288 
291 
311 

290 336 
293 339 
298 340 
302 341 
309 
310 
312-
316 
566 
567 

8 - 9 10 11 12 

351 362 

348 359 371- 377 
362 373 379 

386 
387 

345- 352 359 370- 376 
348 362 375 377 

363 379 
381 
383 
384 
387-
391 

379 

348 352 362 369 379 
372 384 

387 
391 
568 

13 14 15 16 17 18 19 20 21 22 23 24 

396 436 218-
405 225 

436 

402- 312· 424 429 434 
404 409 425 

412 
413 
415 

393 407- 421 423- 429 430 432 433- 220 441- 220 
394 409 422 425 431 435 436 538 436 
398 411 437 
404 412 
405 415 

417-
420 

403 412 429 430 432 
415 
417 
418 
420 
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• Regulation of 

Plate resistance of vacuum tube 
(RP) 

Power delivered to crystal unit 
(See Crystal drive level, Crys-
tal power, and in Section I~ 
Test Level of Drive, Secon 
Test Level of Drive.} 

Power oscillators 

Purpose of oscillator, design 
factors influenced by 

~ of crystal unit (effective, as 
well as actual) 

Q of crystal circuit 

2 3 

298 246 

268 232 
270 311 
272 

21 149 
294 249 

258 
294 
300 
322 

294 149 
296 245 

247-
250 
252 
253 
258 
311 
322 
562 

139 
186 
190 
199 
200 
202 
227 
249 
250 
274 

300 
305 
306 
584 

" 5 6 

277 
298 
309 
310 

271 277 
273 280-
288 286 

288-
290 
293-
295 
298 
311 
312 
315 

273 286 
276 300 

305 
322 

214 355 277 
232 356 286 
273 291 
276 296 

305 
306 
311 
322-
327 

213 279 
214 284 
217 298 
231- 300 
237 
270 

216 249 280 
270 283 
283 289 

300 

7 8 9 

331- 346 
333 347 
335-
337 
342 

300 
305 
322 
339 

322 349 353 
328 350 
330 
336 
337 
339 
344 

336 

331 
832 
336 

10 11 U 13 1-4 15 16 17 18 19 20 21 22 23 2-4 

369 403 

362 369 380 403 434 
387 

372 420 

357 370- 376 392 414 421 429 431 433 220 539 338- 338 
362 375 387- 401 415 435 436 541 443 354 
363 391 404 417- 437 455 357 

405 420 530 570 

386 396 413 435 

367 886 396- 413 433 543 
368 899 435 649 

401-
404 

s> 
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CRYSTAL OSCILLATOR DESIGN 
CONSIDERATIONS {Continued) 

Qr of feedback circuit 

Replacement of crystals (See 
Interchangeability of crystal 
units.) 

Resistance 

•Cathode 

•Collector, of transistor (r
0

) 

•Crystal-circuit 

•Damping 

• Distributed 

•Effective, of crystal unit (R., 
R.m-also R, Rm for series-
mode crystals) 

2 3 -

270 294 
272 
294 

337 307 

300 
426 
427 
584 

426 

182 
186 
189 

204 
205 
209 
261 
311 
583 
584 

4 5 - 6 7 

271 277- 277 347 
273 284 332 
297 289 

294 
295 
297 
298 
321 
323 

347 

307 337 349 

214 240- 279 331 
283 242 289 
584 249 297 

355 298 
584 300 

217 220 278- 332 
224 229 281 333 
232 241 284 336 
233 355 285 339 
271 584 290 
427 586 293 
584 295 
586 297 

300 
301 
303 
311-
316 
320 

9 10 II 12 13 14 15 16 17 18 19 20 21 22 23 24 

543 
556 

369 

352 362 377 422 434 220 220 
379 435 
386-
388 

540 
548 

360 367 379 393 413 422 426 426 426 433 436 436 
368 386 396 415- 427 427 427 435 

387 401 420 429 

381 418 424 426 426 426 433 436 436 
382 429 430 432 
385 431 

368 

353 357 368 376 393 406 422 423- 427 427 433 436 540 436 
358 379 394 409 425 434 
361 385 396 411-
362 386 401- 420 

387 405 
391 

0"' .. It 
... !l = o· a ::s o-.. 
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• Effective, of grid circuit 

•Feedback circuit 

•Gridleak ( See Gridl,eak resist-
ance.) 

•Load 

•Negative (p) 

•Plate-circuit (See also plate 
resistance of vacuum tube.) 

•Screen-circuit 

•Series-arm, of crystal unit 
(R, Rm) 

•Tl'ansistor (rb, r 0 , r.) 

•Variable (See also Thermistor, 
Varistor.) 

2 3 

308 

269 
270 

269 245 
· 270 305 

281 309 
310 
582 

232 
586-
598 

269 

303 

182 
185 
190 
199 
200 
202 
204-
207 
218 
228 
261 
305 

337 

" 5 6 7 8 

273 297- 331-
300 333 

336 

271 240- 279 328 
273 242 284 332 
297 289 

297 
298 

214 277 331 34!! 
278 336 349 
280 340 
281 
283 
286 
289 
295 
298 
300 
308-
312 
314 

232 586- 278 
233 594 280 
236 
586 
594 

271 277 333 345. 
280- 348 
284 
288 
311 

303 
324 

214 205 300 
216 220 305 
230 229 
231 

---
--- ---· ----

301- 337 
303 

--- _[ • ..,. , .. ,....,.. y 

9 10 11 12 13 U 15 16 17 18 19 20 21 22 23 2, 

358 368 393 406 421 435 
395 413 
398 
404 

357 379 393 436 540 436 
361 386 395 

363 370 387 393 406- 422 425 429 430 432 433 436 540 436 
388 405 408 431 434 

411- i 413 
415 
417-
420 

378 590 432 545-
591 547 

549 
590 
591 

352 359 377 393 408 425 429 430 432 433 839 339 
362 381 395 409 431 434 
363 387 398 412 

390 404 413 
415 

352 390 417- 220 220 
420 

357 367 379 393 406 424 426 426 426 
358 385 394. 409 425 429 430 432 
361 386 396 411- 431 
362 387 401 420 

391 

·"~-- , ,--- ,..,,, - R--~,.._.... ,,_,. ... --a-,.-l 548 ,--·-- ,. _,,. ,,,.., .. "_,.... ~ --- _, ---
352 i~b. 38i 

.-L ----- - I__ __ : __ - : _ 
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CRYSTAL OSCILLATOR DESIGN 
CONSIDERATIONS (Continued) 

Resistors 

Resonance indicator 

Space requirements 

Stability of crystal parameters 

Stability of oscillator 

Switching from crystal to LC 
control (See LC oscillators.) 

Synthesizing circuits ( See Fre-
quency synthesis.) 

Temperature control (See also 
Section IV.} 

Thermistors 

354 

263- 267 
266 283 

294 
296 
306 
354 
389 
585 
595 

294 
595 

3 4 5 6 7 

245 296 339 
296 311 
304 566 
305 567 
311 
560 

251- 271 337 
261 339 

227 211- 207 277 277 
233 217 240- 279- 328 
236 243 242 285 330 
238 244 275 287- 332 
245 271 355 289 335 
252- 273 291 339 
261 275 293 341 
274 276 295- 342 
295- 300 
300 308-
304 311 
305 320-
308- 323 
311 330 
322 566 
426 567 
428 
582 
585 
595. 
597 

22 215 277 
23 317 317 
252-
261 
317 

294 294 
595 

8 

347 

347 
349 

349 

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 

352 363 369 377 2-91 
373 381 

385 
387 
390 

354 

363 369 376 406 541 530 572 
387 414 570 
568 571 

572 

357 
362 

338 338 

363 

351 356- 356 356 356 356 356 356 356 356 356 356 356 540 338 338 
352 361 364 376 392 406 421 426 426 426 433 436 541 339 339 

363 366 379- 393 412- 428 428 428 435 551- 438 354 
368 387 396- 420 429 430 432 559 436 
371 389 405 431 570 570 
372 391 572 

568 

. 

357 387 414 540 
360 541 

571 
572 

357 559 
360-
362 

0"' 
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Time standard 2-73 

Tolerance in crystal parameters 

Transconductance 

Tl"ansducer 17 

Transformers 

Transit time 

T1·i-tet design 

Tuned oscillator circuits 

Untuned oscillator circuits 

-
Vacuum tubes 

2 3 

23 
119 
2-92 

25 
186 
190 
226 
252-
261 
583 
597 

298 
305 

33 
34 
95 
96 
110 
248 

320 
322 

272 274 
283 322 
306 
354 
389 
531: 

300 
311 

" 5 6 7 

271 584 278 332 
317 300 336 
584 317 337 

566 339 
567 

273 284- 332 
286 333 
294 836 
298 337 
312-
316 

214 320- 322 
322 330 
330 

212 242 277 328 
271 355 283 329 

294 332 
298 339 
322 340 
324 344 
325 

355 277 332 
278 
323 
326 
566 
567 

290 336 
293 344 
311 

8 9 10 11 12 13 U U 16 17 18 19 20 21 22 23 24 

357 

362 365 376 402 414 555. 338 338 
379 403 559 
568 405 

348 359 371 377 395 410- 423 429 434 
360 372 379 397 413 425 

386- 398 415 
388 401- 416 

404 

357 365 393 406 421 542 474 
359 868 394 407 552 517 
362 369 411 

371- 417-
873 420 

369 381-
384 

395 543 

387 

431 

350 357 364- 376- 393 407 421 425 429 430 432 220- 436 542 338 220-
358 375 391 394 417 481 433 224 544 440 224 
363 568 404 419 435 549 531 338 

405 550 354 
436 
440 

347 352 376 392 406 539 354 
350 377 398 418 552 

387 402 572 
404 
405 

379 

0 
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CRYSTAL OSCILLATOR 0ESIGN 
CONSI0ERATIONS (Continued) 

•Dual type 

• Heterodyne types 

•Magic-eye 

•Miniature 

• Most often recommended 

• Plate characteristics of 

•Reactance 

•·Remote-cutoff 

•Screen-grid 

•Sbarp-cutotr 

•Small-power . 

•Standard-size 

311 

279 

354 

311 

311-

20 232 
267 236 
268 245 
294 294 
298 300 

303 
305 
308 
310 
311 

350 

308 
311 

279 
303 
311 
322 

305 
311 
322 

811 
322 

311 

4 5 6 7 8 

:ru 349 

279 
327 

311 

277 339 
311 

212 280- 332 349 
273 286 333 

288 336 
290 337 
293- 339 
295 341 
298 342 
308 
310-
316 

350 

294 
308 
311 
313-
315 

277 329 345 
279 334 
303 336 
311 337 
322 
324-
327 

311 
312 
322 

311 322 
322 339 

279 
311 
316 

9 l O 11 12 13 14 15 16 17 18 19 20 21 22 23 24 

376 433 
379 
387 

354 

369 415 
387 

352 362 3~9 376 405 425 433 
3 1- 379 417-
373 384 420 

387 

359 369 377 401- 312 423 429 434 
360 371- 379 404 409 425 
362 373 386- 412 590 

388 413 
415 
416 

437 492 

413 

352 359 371 376 394 406 425 429 431 433 
387 403 416 590 

420 

412 532 
415 

387 
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•Subminiature 

•Triode 

•V-H-F 

Varistors 

Weight considerations 

3 

311 

279 
311 

311 

294 294 

296 
304 
305 
560 
582 

4 s 6 7 

311-
314 
566 
567 

277 334 
279 336 
311 342 
315 
320 
321 
323 

311 

294 
295 

296 

a 9 10 11 12 13 14 15 16 17 18 19 20 2.1 22 2J 24 

369 568 
371 

350 371 376 394 406 430 432 433 
375 379 417-

38i 419 

369 379 403 
384 
387 

352 558 

363 387 541 530 



Section I 
Oscillator Index 

~ CRYSTAL METERS 

~ MULTIPLE FREQUENCY GENERATORS 

~ Tra,ui•tor 
----------~---·-

i. Modified Colpim 

2 Grounded Cathode 
Two-Sta,re-Feedbadc 

~ Miller 

!::: Tran;.itron UJ 
Cl 

--------------l 0 
}; 

V, 
UJ 

.,, 
"' ----------~ "" 0 

3 :2 Grounded-Plate 

~ Groundetl.Crid 

~ B,uil' 
(Grouml..J-Catloodr) 

~ Buller 

:: Capacitanre Britl1t"' 

I 

I 

UJ 
V'l 

.... 
~ 
0 ... 
~ 
>-
"' u 

°' Duplex-Electrode UJ 

------------4 8 
• Multilli.bralor Type :::E 

...J 
w ...., 
...J ,._ Miller < 

------------i ~ 
• Pieue 

"' Serie• Mode 

"" Paralll!I Mode 

,.,.,,., ... , 

.,, ... 
"'< O« ...... .:sz ....... 
01.1) 
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Crystal Units-Group I 

SECTION II-CRYSTAL UNITS 

INTRODUCTION 

2-1. Section II contains all available descriptions 
of crystal units now being used in USAF equip
ments. The crystal units ar.e divided into two 
groups; as defined in subparagraphs a and b below. 
Technical data charts present a convenient sum
mary of the crystal units in each group, and fol
lowing each of the charts are data sheets giving 
more complete information 1:1bout the individual 
units. At the end of Section n is a digest of 
Military Standard terms, tests, and procedures 
applicable to crystal units which meet military 
specifications. 

a. Group I includes those Military Standard 
crystal units that are recommended for use in 
equipments of new design. These are the crystal 
units assigned Joint Army-Navy-Air Force type 
number CR-XX/U, where XX is a two-digit num
ber equal to 15 or higher. Except in the event of 
unusual or special requirements, the design engi-

neer of crystal-controlled circuits for military 
equipment should consider only those crystal units 
in Group I. 

b. Group II includes the older types of crystal 
units which are still widely used in current models 
of USAF radio equipments, but which are not rec
ommended for use in military equipments of new 
design. These crystal units are arranged in the 
order of their USAF stock numbers, which num
bers are the same as the Signal Corps stock num
bers except for the addition of the prefix "2100-," 
which serves to identify the item as belonging to 
the USAF 16-F stock class. The information con
cerning the Group-11 crystal units is included pri
marily for the benefit of the crystal specialist or 
field engineer in the military. As a reference 
source of crystal units and available frequencies, 
it may also prove helpful to design and research 
engineers. 

GROUP I 

RECOMMENDED MILITARY STANDARD CRYSTAL UNITS 

The crystal units included in Group l are those conforming to Military 
Standards and which are recommended for use in armed-services equip
ment of new design. These units are further classified as belonging to one 
of two categories and are specified in Military Specification MIL-C-J098( ) 
-the latest issue or amendment in efject, as applicable. 

Category 1 is composed of those crystal units which are available in 
production from two or more sources. 

Category 2 is composed of those crystal units which. are available in 
limited production and possibly from only one source. The crystal units 
in this category also may be individual types wkich are in the process of 
being replaced by units of new design, or which, at a l,ater date, may be 
placed in Category 1 by virtue of increased utility and availability. 
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Section II 
Crystal Units-Group I 

TECHNICAL DATA CHART FOR GROUP-I MILITARY STANDARD CRYSTAL UNITS 

I 
Operating 

Frequency Frequency Temperature Load Holder Crystal 
Rnnge Tolerance Range Resonance Capacitance Type A vailahility Unit 

i 
(kc) (±%) ("C) (mm!) Category• Type 

16-100 0.012 ---40to +70 parallel 20 ±0.5 HC-13/U 2 CR-38/U 

16-100 0.012 -40to+70. series HC-13/U 2 CR-50/U 

80.860 
0.010 -30to +75 parallel 45 ±1.0 HC-16/U 2 CR-43/U (70-100) 

80-200 0.010 --40to +70 parallel 32 ±0.5 HC-5/U 1 CR-1.5/U 

80-200 0.010 --40 to +70 series HC-5/U 1 CR-16/U 

80-200 0.002• 75 ±5 parallel 32 ±0.5 HC-5/U 1 CR-29/U 

80-200 0.002' 75 ±5 series HC-5/U 1 CR-30/U 

90-250 0.020 -40to +70 parallel 20 ±0.5 HC-13/U 2 CR-37/U 

90-250 0.003 75 ±5 parallel 32 ±0.5 HC-13/U 2 CR-42/U 

160-330 0.003 --55 to +75 series r HC-15/U 2 CR-39/U 

160-330 0.003• 70 ±5 series . HC-15/U 2 CR-40/U 

200-500 0.010 -40to +70 series HC-6/U i 1 CR-25/U 

200-500 0.002" 75 :r5 Sel'ies HC-6/U 1 CR-26/U 

200-500 0.010 
i 

--40 to + 70 parnllel 20 :r0.5 HC-6/U 2 CR-46/U 

I 
200-500 0.002" 75 ±5 parallel 20 ±0.5 HC-6/U 2 CR-47/U 

i 
. 

I 
455 0.020 -40to +70 series HC-6/U 2 CR-45/U 

r.oo 0.001 85 ±5 parallel 32 ±0.5 HC-6/U 1 CR-57/U 

800-3000 0.0075 -55to +90 parallel 32 ±0.5 HC-6/U 2 CR-48/Ud . 
800-3000 0.0075 --55 to +90 parallel 32 ±0.5 HC-6/U 2 CR-49/Ud 

800-lf>,000 0.002" 75 ±5 parallel 32 ±0.5 HC-6/U 1 CR-27/U 

800-20,000 0.002" 85 :Ui parallel 32 ±0.5 HC-6/U 1 CR-36/U 
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Operating 
Frequency Frequency Tem7,erature Load 

Range Tolerance Range Resonance Capacitance 
(kc) (±%) ("C) (mm!) 

800-20,000 0.005 -55to +90 parallel 32 ±0.5 

800-20,000 0.005 -55to +90 parallel 32 ±0.5 

800-20,000 0.005 -55to +90 series 

800-20,000 0.002• 75 ±5 series 

800-20,000 C.002b 85 ±5 series 

' 7000-20,000 0.005 -55 to+ 105 se1·ies 

10,000-25,000 0.005 -55 to +90 parallel 32 ±0.5 

10,000-61,000 O.Omi --55 to +90 series 

10,000-61,000 0.005 --55 to +90 se1·ies 

10,000-75,000 0.005 -55to +90 series 

10,000-75,000 0.V02b 75 ±5 series 

15,000-20,000 0002• 85 ±5 parallel 32 ±0.5 

15,000-50,000 0.005 -55 to +90 series 

17,000-61,000 0.005 -55to +105 series 

25,000-58,000 0.002 85 ±5 senes 

50,000-87,000 0.005 -55to +90 sedes 

50,000-87,000 0.005 -55to +90 series 

50,000-87 ,000 O.fl05 -65to +105 series 

50,000-91,000 0.002 85 ±5 series 

• See explanation of categories in paragraphs immediately preceding this chart. 

Holder 
Type 

HC-6/U 

HC-17/U 

HC-6/U 

HC-6/U 

HC-6/U 

HC-18/U 

HC-6/U 

HC-6/U 

HC-6/U 

HC-6/U 

! HC-6/U 

HC-6/U 

HC-10/U 

HC-18/U 

HC-18/U 

HC-6/U 

HC-6/U 

HC-18/U 

HC-18/U 

Section II 
Crystal Units-Group I 

Availability Crystal 
Category• Unit 

Type 

1 CR-18/U 

1 CR-58/U 

1 CR-19/U 

1 CR-28/U 

1 CR-35/U 

1 CR-60/U 

1 CR-33/U 

1 CR-51/U 

1 CR-52/U 

2 CR-23/U• 

1 CR-32/U 

2 CR-44/U1 

1 CR-24/U 

1 CR-55/U 

1 CR-61/U 

1 CR-53/U 

1 CR-54/U 

1 CR-56/U 

1 CR-59/U 

"In addition, ·the nystal unit shall not deviate more than 0.0005% (0.0003"/,, for CR-57/U) from the frequency value meas-
urt•d at the midpoint of the operating temperatu1-e range, when measu1·ed over the entfre operating temperature range. 

• The permitted value of load capacitance for this crystal unit depends upon the frequency at which the unit is operated. 
d For replacement use CR-18/U. 

• For replacement use CR-52/U or CR-54/U whicheve1· is applicable. 
f For replacement use CR-36/U. 
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Section II 
Crystal Units-Group I 

CRYSTAL UNIT CR-15/U 
UFJ 

FRONT TOP 

I- 1.594 *·01!1 --f NOMINAL 

T 
000.00 FREQUENCY 

KC MFR COOE 

CR-15/U NOMINAL CZZ -~ 000.000 FREQUENCY 

·KC 
MFR CODE 

BOTTOM 

@f~y-@ 
@ 

Figure 2-1. Crystal Unit CR.-15/U 

FUNCTION AL DESCRIPTION 

Metal-plated quartz plate, wire-mounted in a 
plastic holder and designed to operate on the fun
damental frequency of the quartz plate. Used as 
a low-frequency control element in circuits which 
must maintain good frequency stability in the ab
sence of oven control, even when exposed to wide 
variations in temperature. The crystal unit is in
tended for operation at parallel resonance. 

RATED OPERATING CHARACTERISTICS 

Frequency Range: 80 to 199.999 kc 
Nominal Frequency Tolerance: ±0.01 % at all 

temperatures within openting range 
Frequency Deviation with Temperature: Permis

sible within limits of nominal frequency toler
ance 

Operating Tem?1erature Range: -40° to +70°C 
±2°C 

Operable Temperature Range: Not specified be-
yond operating temperature range 

Resonance: Parallel 
Load Capacitance: 32 ±0.5 p.p.f 
Harmonic of Quartz Vibration: Fundamental 
Maximum Drive Level: 2 row 
Maximum Pin-to-Pin Capacitance: Not specified 
Maximum Efjective Resonauce Resistance: 

Frequency (kc) Resistance (ohms) 
80 to 119.999............................... 10,000 

120 to 159.999...................................... 8000 
160 to 199.999....................................... 6000 
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PERFORMANCE CHARACTERISTICS OF 
NORMAL CRYSTAL ELEMENT 

See characteristics of element D, paragraph 
1-116, figure 1-52. 

TYPES OF CIRCUITS USED IN 
Two-stage-grounded-cathode, modified transi

tron, Miller, modified Butler 

MOUNTING DATA 

Crystal Holder: HC-5/U or HC-21/U 
Method of Mounting Crystal: Wire-mounted in 

plastic holder 
Dimensiom and Marking: See figure 2-l(B). All 

dimensions in inches. Unless otherwise specified, 
tolerances are ±0.006 in. on decimals. 

LOGISTICAL DATA 

USAF Stock No.: 2100-2X515-frequency in kc 
Status: Standard ( Category 1) 
Date of Status: 9 October 1950 
Related Specifications, Standards, and Publica,. 

tions: See Appendix IV. 
Commercial Sources: See Appendix Ill. 
Remarks: Use of this crystal is discouraged by 

· some manufacturers· because, in their opinion, 
the specified holder (HC-5/U) suffers these 
important disadvantages: The holder is not her
meticaJly sealed ( although a metal hermetically
sealed version will be used in procurement of 
further models) ; it has poor form factor; and 
it uses an unorthodox base which requires a 
special socket. 

; / ;" 
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Section II 
Crystal Units-Group I 

~_J:__.~) 
Figure 2-.2. Schematic diagram of typical o,cillator designed for use wltlt Crystal Unit CR-15/U 

Equipment Used In: Radio Receiver R-277/APN-
70 

MILITARY STANDARD TEST DATA 

Authority: Military Specification MII,..C-3098B, 
approved 9 December 1955 

Requirements and l-rocedures of Tests: See para
graphs 2-21 through 2-50. 

Reference Standard Test Set: Crystal Impedance 
Meter TS--537 /TSM 

Electrical Connection of Holder: Not applicable 
Method of Measuring Frequency and Effective 

Resonance Resistance: B 
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Drive Adjustment Procedure: MS91482 (see para
graph 2-61 and MII,..C-3098B) 

Shock and Vibration Test: 
Permitted change in frequency: ±0.001 % 
Permitted change in effective resonance resist

ance: ±15% 
Aging Test: Not required 

Tensile Strength Test (Minimum Requirements): 

Frequency (kc) Grams 
80 to 119.999 ......................................................... 1000 

120 to 159.999..................................................................... 800 
160 to 199.999................................................................. 700 
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CRYSTAL UNIT CR-16/U 
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Figure 2-3. Crystal Unit CR-16/U 

FUNCTIONAL DESCRIPTION 

Metal-plated quartz plate, wire-mounted in a 
plastic holder and designed to operate on the fun
damental frequ~ncy of the quartz plate. Used as 
a low-frequency control element in circuits which 
must maintain good frequency stability in the ab
sence of oven control, even when exposed to wide 
1·;mations of temperature. The crystal unit is in
tell<l<'d for operation at series resonance. 

RATED OPERATING CHARACTERISTICS 

Frequency Range: 80 to 199.999 kc 
Nominal Frequency Tolerance: ±0.01 % at all 

temperatures within operating range 
Frc11uency Deviation with Temperature: Permis

sible within limits of nominal frequency toler
ance 

Operating Temperature Range: -40° to +70°C 
±2°C 

Operable Temperature Raage: Not specified be-
yond operating temperature range 

Resonance: Series 
Load Capacitance: Not applicable 
Harmonic of Quartz Vibration: Fundamental 
Maximum Drive Level: 2 mw 
Maximum Pin-to-Pin Capacitance: Not specified 
Maximum Effective Resonance Resistance: 3000 

ohms 

PERFORMANCE CHARACTERISTICS OF 
NORMAL CRYSTAL ELEMENT 

See characteristics of e]ement D, paragraph 
1-116, figure 1-52. 
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TYPES OF CIRCUITS USED IN 

Two-stage-grounded-cathode, transitron, trans
former-coupled, modified Butler, and Meacham
bridge 

MOUNTING DATA 

Crystal Holder: HC-5/U or HC-21/U 
Method of Mounting Crystal: Wire-mounted in 

plastic holder 
Dimensions and Marking: See figure 2-3 ( B) . All 

dimensions in inches. Unless otherwise specified, 
tolerances are ±0.005 in. on decimals. 

LOGISTICAL DATA 

USAF Stock No.: 2100-2X516-frequency in kc 
Status: Standard ( Category 1) 
Date of Status: 9 October 1950 
Related Specifications, Standards, and Publica

tions: See Appendix IV. 
Commercial Sources: See Appendix III. 
Remarks: Use of this crystal unit is discouraged 

by some manufacturers because, in their opin
ion, the-specified holder (HC-5/U) suffers these 
important disadvantages: The holder is not her
metically sealed (although a metal hermeticaUy
sea]ed version will be used in procurement of 
future models) ; it has a poor form factor; and 
it uses an unorthodox base which requires a 
special socket. 

Equipment Used In: 
Signal Generator SG-34 ( XA) /UP-see figure 

1-175 (K) 

.. 
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llflure 2-4. Schematic diagram of typical oscillator designed for use with Crystal Unit CR-16/U 

Signa] Generator SG-34/GPM-15-see figure 
1-175 (K) 

MILITARY STANDARD TEST DATA 

Authority: Military Specification MIL-C-3098B, 
approved 9 December 1955 

Requirements and Procedu.res of Tests: See para
graphs 2-21 through 2-50. 

Reference Standard Test Set: Crystal Impedance 
Meter TS-537 /TSM 

Electrical Connection of Holder: Not applicable 
Method of Measuring Frequency and Effective 

Res011.0,nce Resista.nce: B 

,.\' 
I 
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Drive Adjustment Procedure: MS91482 (see para-
graph 2-61 and MIL-C-3098B) . 

Shock and Vi,bration Test: 
Permitted change in frequency: ± 0.001 % 
Permitted change in effective resonance. resi.'lt
ance: ±15% 

Aging Test: Not required 

Tensile Strength Test ( Minimum Requirements): 

Frequency (kc) Grams 
80 to 119.999 .................................................................... 1000 

120 to 159.999 ... .......................................................... 800 
160 to 199.999...................................................... ............. 700 

\ 
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CRYSTAL UNIT CR-18/U 
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Figure 2-5. Crystal Unit CR-18/U 

FUNCTIONAL DESCRIPI'ION 

Metal-plated quartz plate, wire-mounted in a 
metal holder and designed to operate on the funda
mental frequency of the quartz plate. Used as a 
medium-to-high-frequency control element in cir
cuits which must maintain above-average fre
quency stability in the absence of oven control, 
even when exposed to wide variations of tempera
ture. The crystal unit is intended for operation 
at parallel resonance. 

RATED ,OPERATING CHARACTERISTICS 

Frequency Range: 800 to 20,000 kc 
Nominal Frequency Tolerance: ±0.005% at all 

temperatures within operating range 
Frequency Deviation with Temperature: Permis

sible within limits of nominal frequency toler
ance 

Operating Temperature Range: -55° to +90°C 
±2°C 

Operable Temperature Range: Not specified be-
yond operating temperature range 

Resonance: Parallel 
Load Capacitance: 32 ±0.5 mmf 
Harmonic of Quartz Vibration: Fundamental 
Ma.1:imum Drii,e Level: 

800 to 9,999.999 kc-10 mw 
10,000 to 20,000 kc-5 mw 

Ma:rimum Pin-to-Pin Capacitance: 7.0 mmf 
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Maximum Effective Resonance Resistance: 
Frequency (kc) Resistance (ohms) 

800 to 999.999........................ 1000 
1000 to 1,249.999........................ 800 
1250 to 1,499.999....................... 700 
1500 to 1,749.999....................... 600 
1750 to l,999.999....................... 550 
2000 to 2,249.999........................ 320 
2500 to 2,999.999....................... 500 
3000 to 3,749.999. .................... 175 
3750 to 4,749.999........................ 120 
4750 to 5,999.999........................ 75 
6000 to 7,499.999. ... .............. 50 
7500 to 9,999.999........................ 35 

10,000 to 20,000 ................................. 25 

PERFORMANCE CHARACTERISTICS OF 
NORMAL CRYSTAL ELEMENT 

See characteristics of element A, paragraph . 
1-112, figures 1-49, -118, --115. 

TYPES OF CIRCUITS USED IN 

Pierce, MilJer, multivibrator-type 

MOUNTING DATA 

Crystal Holder: HC-6/U 
Method of Mounting Crystal: Wire-mounted in 

metal holder 

Dimensions and Marking: See figure 2-5(B). All 
dimensions in inches. Unless otherwise specified, 
tolerances are ±0.005. in. on decimals. 
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Figure 2-6. Sch•matic diagram of typical oxillator de1i9ned for use with Crylfal Unit CR-J aju 

LOGISTICAL DATA 

USAF Stock No.: 2100-2X518-freqcency in kc 
Status: Standard (Category 1) 
Date of Status: 9 October 1950 
Related Specifications, Standards, and Publica

tions: See Appendix IV. 
Commercial Sources: see· Appendix III. 
Remarks: Specification requirements become in

creasingly difficult to meet at the lower fre
quencies in manufacturing this unit. 

Equipment Used In: 
Receiver-Transmitter RT-173/ ARC-33-see fig

ures 1-135 (L), (M) 
Receiver-Transmitter RT-178/ARC-27-see fig

ures 1-135 (R), (V), (W) 
Receiver-Transmitter RT-XA-101/ ARC-22-see 

figure 1-135 (Y) 
Signal Generator SG-13/ ARN - see figures 

1-135 (Z), -137 (V) 
Frequency Meter TS-186 (B/C) /UP-see fig

ure 1-137 (G) 
Radio Receiver R-540/ARN-14C.-see figure 

1-137 (N) 
Radio Set AN/ARC-34 (XA-1)-see figures 

1-137 (0), (T) • 
Radio Receiver R-322/ ARN-18 - see figure 

1-137 (U) 
R-F Signal Generator Set AN /URM-25C-see 

figure 1-138 (D) 
Radio Receiver R-277 (XA-A)/APN-70-see 

figure 1-138 (E) 
Radio Receiver R-252( ) / ARN-14 (14 crystals) 
Signal Generator SG-1/ ARN (2 crystals) 
Radio Set AN/ART-13B (20 crystals) 
Radio Receiver R-470/ ARN-19 (10 crystals) 
Radio Set AN/ARN-22 (12 crystals) 

Radio Set AN/ANT-27 
Radio Set AN /URT-( ) 
Radio Set AN/MRC-20 (12 crystals) 

MILITARY STANDARD TEST DATA 

Authority: Military Specification MIL-C-3098B, 
approved 9 December 1955 

Requirements and Procedures of Tests: See para
graphs 2-21 through 2-50. 

Reference Standard Test Set: 
Crystal Impedance Meter TS-330/TSM-800 to 

14,999.999 kc 
Crystal Impedance Meter TS-683/TSM-15,000 

to 20,000 kc 
Electrical Connection of Holder: 

Holder grounded 
Method of Measuring Frequency and Effective 

Resonance Resistance: A. 
Drive Adjustment Procedure: 

800 to 14,999.999 kc: MS90167 (see paragraph 
2-60 and MIL-C-3098B) 

15,000 to 20,000 ·kc: MS90168 (see paragraph 
2-62 and MIL-C-3098B) 

Shock and Vibration Test: 
Permitted change in frequency: 

±0.001 % for units below 2000 kc 
±0.0005% for units of 2000 kc and above 

Permitted change in resonance (effective) re
sistance: Wire-mounted-±15% or 2 ohms, 
whichever is greater. 

Aging Test: Not required 

Tensile Strength Test (Minimum Requirements): 
Not required 
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CRYSTAL UNIT CR-19/U 
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Figure 2-1. Crystal Unit CR-19/U 

FUNCTIONAL DESCRJPTION 

Metal-plated quartz plate, wire-mounted in a 
metal holder and designed to operate on the 
fundamental frequency of the quartz plate. Used 
as a medium-to-high-frequency control element in 
circuits which must maintain above average fre
quency stability in the absence of oven control, 
even when exposed to wide variation of tempera
ture. The crystal unit is intrnded for operation at 
series resonance. 

RATED OPERATING CHARACTERISTICS 

Frequency Range: 800 to 20,000 kc 
Nominal Frequency Tolerance: ±0.005% at all 

temperatures within operating range 
Frequency Deviation with Temperature: Per

missible within limits of nominal frequency 
tolerance 

Operating Temperature Range: -55° to +90°C 
±2°C 

Operable Temperature Ranye: Not specified be-
yond operating temperature range 

Resonance: Series 
Load Capacitance: 7.0 µ,p.f 

Harmonic of Quartz Vibration: Fundamental 
Maximum Drive Level: 

800 to 9,999.999 kc-10 mw 
10,000 to 20,000 kc-5 row 

Maximum Pin-to-Pin Capacitance: Not specified 
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Maximum Effective Resonance Resistance: 

Frequency (kc) Resistance (ohms) 
800 to 999.999........................... 800 

1000 to 1,249.999....................... .. 500 
1260 to l,499.999........................... 400 
1500 to l,749.999........................... 350 
1760 to 1,999.999.......... .......... 300 
2000 to 2,249.999........................... 250 
2250 to 3,749.999........................... 150 
3750 to 4,999.999.......................... 100 
5000 to 6,999.999 ............. ·-·········.. 50 
7000 to 9,999.999......................... 30 

10,000 to 20,000 ................................. 25 

PERFi)RMANCE CHARACTERISTICS OF 
NORMAL CRYSTAL ELEMENT 

See characteristics of element A, paragraph 
1-49, figures 1-49, -115, -118. 

TYPES OF CIRCUI,:S USED IN 

Butler, transformer-coupled, transitron, modi
fied Colpitts 

MOUNTING DATA 

Crystal Holder: HC-6/U 
Method of Mounting Crystal: Wire-mounted in 

metal holder 
Dimensions a.nd Marking: See figure 2-7 (B). All 

dimensions in inches. Unless otherwise specified, 
tolerances are ±0.005 in. on decimals. 
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Figure 2-1. Schematic diagram of typical oscillator designed for use with Crystal Unit CR.-19/U 

LOGISTICAL DATA 

USAF Stock No.: 2100-2X519-frequency in kc 
Status: Standard ( Category 1) 
Date of Status: 9 October 1950 
Related Specifications, Standards, and Publica-

tions: See Appendix IV. 
Commercial Sources: See Appendix III. 
Remarks: None 
Equipment Used In: 

Signal Generator SG-84 ( XA) /UP---see figure 
1-175 (K) 

Signal Generator SG-34/GPM-15-see figure 
1-175 (K) 

Radio Receiver R-277/APN-70 (4 crystals) 
Radio Transmitter T-263/MRN-8 (20 crystals) 
Radio Transmitting Set AN/MRN-7 (39 crys-

tals) 
Radio Set AN/MRC-20; Guard Receiver 

MILITARY STANDARD TEST DATA 

Authority: Military Specification MIL-C-3098B, 
approved 9 December 1955 

Requirements and Procedures of Tests: See para
graphs 2-21 through 2-50. 
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Requirements and Pro~edwres of Tests: See para
graphs 2-21 through 2-50 

Reference Standard Test Set: 
Crystal Impedance Meter TS-330/TSM-800 to 

14,999.999 kc 
Crystal Impedance Meter TS-683/TSM-15,000 

to 20,000 kc . 
Electrical Connection of Holder: 

Holder grounded 
Method of Measuring Frequency and Effective 

Resonance Resistance: A 
Drive Adjustment Procedure: 

800 to 14,999.999 kc: MS90167 (see paragraph 
2-60 and MIL-C-3098B) 

15,000 to 20,000 kc: MS90168 (see paragraph 
2-62 and MIL-C-3098B) 

Shock and Vibration Test: 
Permitted change in frequency: 

±0.0005% for units of 2000 kc and above 
±0.001 % for units below 2000 kc 

Permitted change in effective resonance re
sistance: Wire-mounted--±15% or 2 ohms, 
whichever is greater. 

Aging Test: Not required 

Tensile Strength Test (Minimum Requirements): 
Not required 
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figure 2-9. Crystal Unit CR-23/U 

FUNCTIONAL DESCRIPTION 

Metal-plated quartz plate, wire-mounted in a 
metal holder and designed to operate on the third 
or fifth mechanical harmonic of the fundamental 
frequency of the quartz plate. Used as a high-to
very-high-frequency control element in circuits 
which must maintain above-average frequency 
stability in the absence of oven control, even 
when exposed to wide variations of temperature. 
The crystal unit is intended for operation at 
series resonance. 

RATED OPERATING CHARACTERISTICS 

Frequency Range: 10 to 75 me 
Nornimil Frequency Tolerance: ±0.005% at all 

temperatures within operating range 
Frequenc11 Deviation with, Temperature: Permis

sible within limits of nominal frequency tol
erance 

Operating Temperature Range: -55° to +90°C 
±2°C 

Operal,le Temperature Range: Not specified be-
yond operating temperature range 

Resonance: Series 
Load Capacitance: Not applicable 
Harmonic of Quartz Vibration: 
Overtone 

Third 
Fifth 

Ma.;timum Dril'e Level: 
10 to 24.999999 me (4 mw) 
25 to 75 (2 mw) 

Frequency (me) 
10 to 52 

..... 52.000001 to 75 

Maximum Pin-to-Pin Capacitance:• 7.0 µ.µ.f 
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Maximum Effective Resonance Resistance: 

Frequency (me) Resistance (ohms) 
10 to 14.99999....................................... 60 
15 to 52...................................................... 40 
52.000001 to 75................................... 60 

PERFORMANCE CHARACTERISTICS OF 
NORMAL CRYSTAL ELEMENT 

See characteristics of element A, paragraph 
1-112, figure 1-49, -112, -113, -115, -118. 

TYPES OF CIRCUITS USED IN 
Butler, transformer-coupled, capacitance

bridge, transitron, impedance-inverted 

MOUNTING DATA 

Crystal Holder: HC-6/U 
Metkod of Mounting Crystal: Wire-mounted in 

metal holder 
Dimensions and Marking: See figure 2-9 (B). All 

dimensions in inches. Unless otherwise specified, 
tolerances are ±0.005 in. on decimals. 

WGISTICAL DATA 

USAF Stock No.: 2100-2X523-frequency in me 
Status: Standard (Category 2) 
Date of Status: 9 October 1950 
Related Specifications, Standards, and Publica

tions: See Appendix IV. 
Commercial Sources: See Appendix III. 
Remarks: Difficult to manufacture to all specifica

tion requirements over the entire upper and 
lower range. 
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Equipment Used In: 
Receiver-Transmitter RT-178/ARC-27-see fig

ures 1-175 {B), (C) 
Radio Receiver R-252A/ ARN-14-see figure 

1-175 {F) 
Radio Receiver R-540/ ARN-14C-see figure 

1-175 {H) 
Radio Set AN/ARN-21 {XN-2)-see figure 

1-175 (J) 
Signal Generator SG-13/ARN-see figure 1-175 

(L) 
Radio Receiver R-470/ARN-19 (14 crystals) 
Radio Set AN/URC-10 
Radio Transmitting Set AN/URT-( ) 
Radio Set AN/APX-19 (2 crystals) 
Radio Set AN/GRC-30 (3 crystals) 
Radio Set AN/PRC-14 (6 crystals) 
Radio Set AN /MRC-30, Guard Receiver 

MILITARY STANDARD TEST DATA 
Authority: Military Specification MIL-C-3098B, 

approved 9 December 1965 
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Requirements and Procedures of Tests: See para
graphs 2-21 through 2-50. 

Reference Standard Test Set: Crystal Impedance 
Meter TS-683/TSM 

Electrical Connection of Holder: 
Holder grounded 

Method of Measuring Frequency and Effective 
Resonance Resistance: A 

Drive Adjustment Procedure: MS90168 (see para
graph 2-62 and MIL-C-3098B) 

Shock and Vibration Test: 
Permitted change in frequency: 

±0.001 % for units below 2000 kc 
±0.0005% for units of 2000 kc and above 

Permitted change in effective resonance re
sistance: Wire-mounted--±15% or 2 ohms, 
whichever is greater. 

Aging Test: Not required 

Tensile Strength Test {Minimum Requirements): 
Not required 
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CRYSTAL UNIT CR-24/U 
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Figure 2-11. Crystal Unit CR.-24/U 

FUNCTIONAL DESCRIPTION 

Pressure-mounted, or metal-plated quartz plate 
wire-mounted in a metal holder designed to op
erate on the third or fifth mechanical harmonic of 
the fundamental frequency of the quartz plate. 
Used as a high-to-very-high-frequency control ele
ment in circuits which must maintain above
average frequency stability in the absence of oven 
control, even when exposed to wide variation of 
temperature. The crystal unit is intended for oper
ation at series resonance. 

RATED OPERATING CHARACTERISTICS 

Frequency Range: 15 to 50 me 
Nominal Frequency Tolerarwe: ±0.005% at all 

temperatures within operating range. 
Frequ-<'nC!I Deviation with Temperature: Permis

sible within limits of nominal frequency tol
erance 

Operating Temperature Range: -55° to +90°C 
±2°C 

Operable Temperature Range: Not specified be-
yond operating temperature range. 

Resonance: Series 
Load Capacitance: Not applicable 
Harmonic of Quartz Vibration: 

Overtone 
Third 
Fifth 

Frequency (me) 
........................ 15 to 24.999999 

...... 25to50 

Maximum Drive Level: 2 mw 
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Mari.mum Pin--to-Pin Capacitance: 7.0 pp,f 

Maximum Effective Resonance Resistance: 

Frequency (me) Resistance (ohms) 
15 to 24.999999 ................ •-····-····••····· 50 
25 to 50 ................ ·-····-··········-····-··········· 75 

PERFORMANCE CHARACTERISTICS OF 
NORMAL CRYSTAL ELEMENT 

See characteristics of element A, paragraph 
1-112, figures 1-49, -112, -113, -116, -118. 

TYPES OF CIRCUITS USED IN 

Butler, transformer-coupled, capac1 tance
bridge, transitron, impedance-inverted 

MOUNTING DATA 

Crystal Holder: HC-10/U 
Method of Mounting Crystal: Pressure-mounted 

or wire-mounted in metal holder 
Dimensions and Marking: See figure 2-ll(B). All 

dimensions in inches. Unless otherwise specified, 
tolerances are ±0.005 in. on decimals. 

LOGISTICAL DATA 

USAF Stock No.: 2100-2X524-frequency in me 
Status: Standard (Category 1) 
Date of Status: 9 October 1950 
Related Specifi,cations, Standards, and Publica

tions: See Appendix IV. 
Commercial Sources: See Appendix III. 
Rem«rks: None 
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Figure 2-12. Sclternatlc dlagrarn of typical oscillator designed for UH with Crystal Unit CR-24/U 

Equipment Used In: 
Radio Receiver R-266/URR-18 - see figur& 

1-175 (A) 
Receiver-Transmitter RT-159A/URC-4 see 

figure 1-177 (D) 
Radio Receiver R-122/ARN-12 
Market Beacon Set AN/ARN-32 

MILITARY S'fANDARD TEST DATA 

Authority: Military Specification MIL-C-3098B, 
approved 9 December 1955 

Requirements and Procedures of Tests: See para
graphs 2-21 through 2-50. 

Reference Standard Test Set: Crystal Impedance 
Meter TS-683/TSM or ZM-2/U 

Electrical Connection of Holder: 
Holder grounded 
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Method of Measuring Frequency and Effective 
Resonance Resistance: B 

Drive Adjustment Procedure: MS90168 (see para
graph 2-62 and MIL-C-3098B) 

Shock and Vibration Test: 
Permitted change in frequency: ±0.002% 
Permitted change in effective reso,aance resist

ance: ShaJI not exceed maximum effective re
sistance 

Aging Test: Not required 

Tensile Strength Test (Minimum Requirements): 
Not required 
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Figure 2-13. Crystal Unit CR-25/U 

FUNCTIONAL DESCRIPTION 

Metal-plated quartz plate, wire-mounted in a 
metal holder and designed to operate on the funda
mental frequency of the quartz plate. Used as a 
low-to-medium-frequency control element in cir
cuits which must maintain good frequency stability 
in the absence of oven control, even when exposed 
to wide variations of temperature. The crystal unit 
is intended for operation at s1;ries resonance. 

RATED OPERATING CHARACTERISTICS 

Frequency Range: 200 to 500 kc 
Nominal Frequency Tolerance: ±0.01 % at all 

temperatures within operating range 
Frequency Deviation with Temperature: Permis

sible within limits of nominal frequency tol
erance 

Operating Temperature Range: -40° to +70°C 
±2°C 

Opemble Temperature Range: Not specified be-
yond operating temperature range 

Resonance: Series 
Load Capacitance: Not applicable 
Harmonic of Quartz Vibration: Fundamental 
Maximum Drive Level: 2 mw 
Maximum Pin-to-Pin Capacitance: Not specified 
Minimum Effective Resonance Resistance: 

Frequency (kc) Resistance (ohms) 
200 to 249.999 ................... .. 3000 
250 to 299.999 4000 
300 to 399.999 5000 
400 to -149.999..... 7500 

· 450 to 500 . . .. . . ........... 10,000 
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PERFORMANCE CHARACTERISTICS OF 
NORMAL CRYSTAL .ELEMENT 

See characteristics of element D, paragraph 
1-116, figure 1-62. 

TYPES OF CIRCUITS USED IN 

Two-stage-grounded- cathode, transi tron, 
Meacham-bridge, modified Colpitts, modified But
ler 

MOUNTING DATA 

Crystal Holder: HC-6/U 
Method of Mounting Crystal: Wire-mounted in 

metal holder 
Dimensi~ns and Marking: See figure 2-13(B). All 

dimensions in inches. Unless otherwise specified, 
tolerances are ±0.005 in. on decimals. 

LOGISTICAL DATA 

USAF Stock No.: 2100-2X525-frequency in kc 
Status: Standard (Category 1) 

Date of Status: 9 October 1950 
Related Specifications, Standards, and Publica

tions: See Appendix IV. 
Commercial Sources: See Appendix III. 
Remarks: Certain waivers from specification are 

required by some manufacturers before they 
will produce this unit. 

Equipment Used In: 
Radio Receiver R-277 / APN-70 - see figure 

1-138(E) (Not a series-mode circuit a.s 
shown) 
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Figure 2-14. Scltemafic diagram of typical oscillator designed for UN wltlt Crystal Unit CR.-25/U 

MILITARY STANDARD TEST DATA 

Authority: Military Specification MIL-C-3098B, 
approved 9 December 1955 

Requirements and Procedures of Tests: See para
graphs 2-21 through 2-l'io. 

Reference Standard Test Set: Crystal Impedance 
Meter TS-537 /TSM 

Electrical Connection of Holder: 
Holder grounded 

Method of Measuring Frequency and Effective 
Resonance Resistance: A 

Drive Adjustment Procedure: MS91482 (see para
graph 2-61 and MIL-C-3098B) 
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Shock and Vibration Test: 
Permitted change in frequency: ±0.001% 
Permitted change in effective resonance resist

ance: ±15% 
Aging Test: Not required 

Tensile Strength Test (Minimum Requirements): 

Frequency (kc) Grams 
200 to 249.999.................................................................. 700 
250 to 319.999.... ......................................................... 500 
320 to 369.999........................................................... 400 
370 to 434.999 . ........................................................... 300 
435 to 500 ........ ..... . .. .................. ......... . . . .. ........ 250 
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Figure 2-15. Crystal Unit CR-26/U 

FUNCTIONAL DESCRIPTION 

Metal-plated quartz plate, wire-mounted in a 
metal holder and designed to operate on the funda
mental frequency of the quartz plate. Used as a 
low-to-medium frequency control in circuits where 
superior frequency stability is required. This 
crystal unit is intended to be mounted in a tem
perature-controlled oven, and operated at series 
resonance. 

RATED OPERATING CHARACTERISTICS 

Frequency Range: 200 to 500 kc 
Nominal Frequency Tolerance: ±0.002% at 75°C 
Frequency Deviation with Temperature: 

±0.0005% from frequency measured at 75°C 
permitted over range of 70° to 80"C 

Operating Temperature Range: 75° ±5°C 
Operable Temperature Range: -40° to +80°C 

±2°C 
Resonance: Series 
Load Capacitance: Not applicable 
Harmonic of Quartz Vibration: Fundamental 
Maximum Drive Level: 2 mw 
Maximum Pin-to-Pin Capacitance: Not specified 
Maximum Effective Resonance Resistance: 

Frequency (kc) Resistance (ohms) 
200 to 249.999 .......................... -........... 3000 
250 to 299.999....................................... 4000 
300 to 399.999............................... ....... 5000 
400 to 449.999......... .... .......... ... ... 7500 
450 to 500 .. .............................. 10,000 
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PERFORMANCE CHARACTERISTICS OF 
NORMAL CRYSTAL ELEMENT 

See characteristics of element D, paragraph 
1-116, figure 1-52. 

TYPES OF CIRCUITS USED IN 

Two-stage-grounded-cathode, transitron, 
Meacham-bridge, modified Colpitts, modified But
ler 

MOUNTING DATA 

Crystal Holder: HC-6/U 
Method of Mounting Crystal: Wire-mounted in 

metal holder 
Dimensions and Marking: See figure 2-15(B). All 

dimensions in inches. Unless otherwise specified, 
tolerances are ±0.005 in. on decimals. 

LOGISTICAL DATA 

USAF Stock No.: 2100-2X526-frequency in kc 
Status: Standard ( Category 1) 
Date of Status: 9 October 1950 
Related Specifications, Sta?tdards, and Publica
tions: See Appendix IV. 
Commercial Sources: See Appendix III. 
Remarks: Certain waivers from specification are 

required by some manufacturers before they 
will produce this unit. 

Equipment Used In: 

MILITARY STANDARD TEST DATA 

Authority: Military Specification MIL-C-3098B. 
approved 9 December 1955 
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Requirements and Procedures of Tests: See para
graphs 2-21 through 2-50. 

Reference Standard Test Set: Crystal Impedance 
Meter TS-537 /TSM 

Electrical Connection of Holder: 
Holder grounded 

Method of Measuring Frequency and Effective 
Resonance Resistance: B 

Drive Adjustment Procedure: MS91482 (see para
graph 2-61 and MIL-C-3098B) 

Shock and Vibration Test: 
Permitted change in frequency: ±0.0005% 
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Permitted change in effective resonance resist
ance: ±15% 

Aging Test: 
Permitted change in frequency: ±0.001 % 

Tensile Strength Test (Minimum Requirements): 

Frequency (kc) Grams 
200 to 249.999...... . ....... ... 700" 
250 to 319.999....... ...... ............... ............ . 500 
320 to 368.999..... .. .... ........... ............ .... ...... 400 
370 to 434.999................................ ..... ........................ 300 
435 to 500 ..................... . ..................... ............... ············ 250 
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FUNCTIONAL DESCRIPTION 

Metal-plated quartz plate, wire-mounted in a 
metal holder and designed to operate on the funda
mental frequency of the quartz plate. Used as a 
medium-to-high-frequency control element in cir
cuits where superior frequency stability is re
quired. The crystal unit is intended to be mounted 
in a temperature-controlled oven and operated at 
parallel resonance. 

RATED OPERATING CHARACTERISTICS 

Frrquency Range: 800 to 20,000 kc 
Nominal Frequency Tolerance: ±0.002% at 75°C 
FrequencJ! Deviation with Ternperature: 

±0.0005% from frequency measured at 75°C 
permitted over range of 70° to 80°C 

Operating Temperature Range: 75° ±5°C 
Operable Temperature Range: -55° to +90°C 

±2°C 
Resonance: Parallel 
Load Capacitance: 32 ±0.5 ,,.,.._f 
Harmonic of Quartz Vibration: Fundamental 
Maximum lh-i,•e Level: 

800 to 9,999.999 (5 mw) 
10,000 to 20,000 (2.5 mw) 

Ma.rimum Pin-to-Pin Capacitance: 7.0 µµf 

Maximum Effective Resonance Resistance: 

Fre11uency (kc) Resista,nce (ohms) 
800 to 999.999.. 1000 

1000 to 1,249.999 800 
1250 to 1,499.999 ... 700 
1500 to 1,749.999 600 
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Frequency (kc) 
1750 to 1,999.999 ............. . 

Resistance (ohms) 
550 

2000 to 2,249.999 ............ . 
2250 to 2,999.999 ................... . 
3000 to 3,749.999 ....................... . 
3760 to 4,749.999. 
4760 to 6,999.999 ....................... . 
6000 to 7,499.999 ..................... . 
7500 to 9,999.999 ....................... . 

10,000 to 20,000 ........................ . 

500 
320 
175 
120 
75 
50 
35 
25 

PERFORMANCE CHARACTERISTICS OF 
NORMAL CRYSTAL ELEMENT 

See characteristics of elements A and B, para
graphs 1-112, -114, figures 1-49, -50, -115, -118. 

TYPES OF CIRCUITS USED IN 

Pierce, MiHer, multivibrator-type 

MOUNTING DATA 

Crystal Holder: HC-6/U 
Method of Mounting Crystal: Wire-mounted in 

metal holder 
Dimensions and Marking: See figure 2-17(B). AIJ 

dimensions in inches. Unless otherwise specified, 
tolerances are ±0.005 in. on decimals. 

LOGISTICAL DATA 

USAF Stock No.: 2100-2X527-frequency in kc 
Status: Standard ( Category 1) 
Date of Status: 9 October 1950 
Related Specifications, Standards, and Publica

tions: See Appendix IV. 
Commercial Sources: See Appendix III. 
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Remarks: 
Equipment Used in: 

Receiver-Transmitter RT-173/ARC-33 (see fig
ures l-135(S), (T), (U) ) 

Receiver-Transmitter RT-178/ARC-27 (see fig
ure 1-137 (A) ) 

Radio Set AN/ARC-34 (XA-1) (see figures 
1-137(P}, (Q), (R), (S) ) 

Radio Transmitting Set AN/GRT-3 (1750 crys
tals) 

MILITARY STANDARD TEST DATA 

Authority: Military Specification MIL-C-3098B, 
approved 9 December 1955 

Requirements and Procedures of Tests: See para
graphs 2-21 through 2-50. 

Reference Standard Test Set: 
Crystal Impedance Meter TS-330/TSM (800 to 

14,999.999 kc) 
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Crystal Impedance Meter TS-683/TSM (16,000 
to 20,000 kc) 

Electrical Connection of Holder: 
Holder grounded 

Method of Measuring Frequency and Effective 
Resonance Resistance: B 

Drive Adjustment Procedure: 
800 to 14,999.999 kc: MS90167 (see paragraph 

2-60 and MIL-C-S098B) 
15,000 to 20,000 kc: MS90168 (see paragraph 

2-62 and MIL-C-3098B) 
Shock and Vibration Test: 

Permitted change in frequency: ±0.0005% 
Permitted c.hange in effective resonance resist

ance: ±15% or 2 ohms, whichever is greater 
Aging Test: 

Permitted change in frequency: ±0.001% 

Tensile Strength Test (Minimum Requirements): 
Not required 
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Figure 2-19. Crystal Unit CR.-28/U 

FUNCTIONAL DESCRIPTION 

Metal-plated quartz plate, wire-mounted in a 
metal ho,lder and designed to operate on the funda
mental frequency of the quartz plate. Used as a 
medium-to-high-frequency control element in cir
cuits where superior frequency stability is re
quired. The crystal unit is intended to be mounted 
in a temperature-controlled oven, and operated at 
series resonance. 

RATED OPERATING CHARACTERISTICS 

Frequency Range: 800 to 20,000 kc 
Nominal Frequency Toleranc2: ±0.002% at 75°C 
Frequency Deviation with Temperature: 

±0.0005% from frequency measured at 75°C 
permitted over range of 70° to 80°C 

Operating Temperature Range: 75° ±5°C 
Operable Temperature Range: -55° to +90°C 

±2°C 
Resonance: Series 
Load Capacitance: Not applicable 
Harmonic of Quartz Vibration: Fundamental 
Maximum Drive Level: 

800 to 9,999.999 (5 mw) 
10,000 to 20,000 (2.5 mw) 

Maximum Pin-to-Pin Capacitance: 7.0 ,_.,.f 
Maximum Effective Resonanr.e Resistance: 

Frequency (kc) Resistance (ohms) 
800 to 999.999........................ 800 

1000 to l,249.999....................... 500 
1250 to l,499.999........................ 400 
1500 to l,749.999..................... 350 
1750 to 1,999.999........................ 300 
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Frequency (kc) Resistance (ohms) 
2000 to 2,249.999....................... 260 
2250 to 3,749.999....................... 150 
3750 to 4,999.999........................ 100 
5000 to 6,999.999........................ 50 
7000 to 9,999.999........................ 30 

10,000 to 20,000 ................. -............ 25 

PERFORMANCE CHARACTERISTICS OF 
NORMAL CRYSTAL ELEMENT 

See characteristics of elements A and B, para
graphs 1-112, 1-114, figures 1-49, -50, -115, -118. 

TYPES OF CIRCUITS USED IN 

Butler, ,transformer-coupled, transitron, modi
fied Colpitts 

MOUNTING DATA 

Crystal Holder: HC-6/U 
Method of Mounting Crystal: Wire-mounted in 

metal holder 
Dimensions and Marking: See figure 2-19(B). All 

dimensions in inches. Unless otherwise specified, 
tolerances are ±0.005 in. on decimals. 

LOGISTICAL DATA 

USAF Stock No.: 2100-2X528-frequency in kc 
Status: Standard (Category 1) 
Date of Status: 9 October 1950 
Ref.ated Specifwa,tions, Stari4ards, and Publica

tions: See Appendix IV. 
Commercial Sources: See Appendix III. 
Remarks: None 
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Equipment Used In: Receiver-Transmitter RT-
173/ARC-33 (see figure 1-175(D) ) 

MILITARY STANDARD TEST DATA 

Authority: Military Specification MIL-C-3098B, 
approved 9 December 1955 

Requirements and Procedures of Tests: See para
graphs 2-21 through 2-50. 

Reference Standard Test Set: 
Crystal Impedance Meter TS-330 /TSM ( 800 to 

14,999.999 kc) 
Crystal Impedance Meter TS-683/TSM (15,000 

to 20,000 kc) 
Electrical Connection of Holder: 

Holder grounded 
Method of Measuring Frequency and Effective 

Resonance Resistance: B 

WADC TR 56-156 453 

Drive Adjustment Procedure: 
800 to 14,999 kc: MS90167 (see paragraph 

2-60 and MIL-C-8098B) 
15,000 to 20,000 kc: MS90168 (see paragraph 

2-62 and MIL-C-3098B) 

Shock and Vibration Test: 
Permitted change in frequency: ±0.0005% 
Permitted change in effective resonance resist

ance: ±15% or 2 ohms, whichever is greater 

Aging Test: 
Permitted change in frequency: ±0.001 % 

Tensile Strength Test (Minimum Requirements): 
Not required 
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Figure 2-21. Crystal Unit CR.-29/U 

FUNCTIONAL DESCRIPTION 

Metal-plated quartz plate, wire-mounted in a 
plastic holder and designed to operate on the fun
damental frequency of the quartz plate. Used as 
a low-frequency control element in circuits where 
superior frequency stability is required. The crys
tal unit is intended to be mounted in a tempera
ture-controlled oven, and operated at parallel 
resonance. 

RATED OPERATING CHARACTERISTICS 

Frequency Range: 80 to 199.999 kc 
Nominal Frequency Tolerance: ±0.002% at 75°C 
Frequency Deviation with Temperature: 

±0.0005% from frequenc3, measured at 75°C 
permitted over range of 70.:, to 80°C 

Operating Temperature Range: 75° ±5°C 
Operable Temperature Range: -40° to +80°C 

±2°C 
Resonance: Parallel 
Load Capacitance: 32 ±0.5 ,,.,,.f 
Harmonic of Quartz Vibration: Fundamental 
Maximum Drive Level: 2 mw 
Maximum Pin-to-Pin Capacitance: Not specified 
Maximum Effective Resonance Resistance: 

Frequency (kc) Resistance (ohms) 
80 to 119.999....................................... 10,000 

120 to 159.999....................................... 8000 
160 to 199.999....................................... 6000 
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PERFORMANCE CHARACTERISTICS OF 
NORMAL CRYSTAL ELEMENT 

See characteristics of element D, paragraph 
1-116, figure 1-52. 

TYPES OF CIRCUITS USED IN 

Two-stage-grounded-cathode, transitron, Miller, 
modified Butler 

MOUNTING DATA 

Crystal Holder: HC-5/U or HC-21/U 
Method of Mounting Crystal: Wire-mounted in 

plastic holder 
Dimensions and Marki.nu: See figure 2-21(B). All 

dimensions in inches. Unless otherwise specified, 
tolerances are ±0.005 in. on decimals. 

LOGISTICA'.L DATA 

USAF Stock No.: 2100-2X529-frequency in kc 
Status: St.andard ( Category 1) 
Date of Status: 9 October 1950 
Related Specifications, Standards, and Publica,. 

tions: See Appendix IV. 
Commercial Sources: See Appendix III. 
Remarks: Use of this crystal unit is discouraged 

by some manufacturers because, in their opin
ion, the specified holder (HC-5/U) suffers these 
important disadvantages: The holder is not her
metically sealed (although a met.al hermetically-

. ! 
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Figure 2-22. Scltematic diagram of typical oscillator de,igned for use witlt Crystal Unit CR-29/U 

sealed version will be used in procurement of 
future models) ; it has a poor form factor; and 
it uses an unorthodox base which requires a 
special socket. In addition, the phenolic holder 
is even more detrimental at the 75° operating 
temperature. 

Equipment Used In: 

MILITARY STANDARD TEST DATA 
Authority: Military Specification MIL-C-3098B, 

approved 9 December 1955 
Requirements and Procedures of Tests: See para

graphs 2-21 through 2-50. 
Reference Standard Test Set: Crystal Impedance 

Meter TS-537 /TSM 
Electrical Connection of Holder: Not applicable 

WADC Tl 56-156 455 

Method of Measuring Frequency and l!,'ffective 
Resonance Resistance: B 

Drive Adjustment Procedure: MS91483 (see para
graph 2-61 and MIL-C-3098B) 

Shock and Vibration Test: 
Permitted change in frequency: ±0.001 % 
Permitted change in ejJective resonance resist

ance: ±15% 
Aging Test: 

Permitted change in frequency: ±0.001 % 

Tensile Strength Test (Minimum Requirements): 
Frequency (kc) Grams 

80 to 119.999 ... ······"·················· ..... .. 1000 
120 to 159.999...... ................... 800-
160 to 199.999............................... ................................. 700 
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figure 2•23. Crystal Unit CR-30/U 

FUNCTIONAL DESCRIPTION 

Metal-plated quartz plate, wire-mounted in a 
plastic holder and designed to operate on the fun
damental frequency of the quartz plate. Used as 
a low-frequency control elem<lnt in circuits where 
superior frequency stability is required. The 
crystal unit is intended to be mounted in a tem
perature-controlled oven, and operates at series 
resonance. 

RATED OPERATING CHARACTERISTICS 

Frequency Range: 80 to 199.999 kc 
Nominal Frequency Tolerance: ±0.002% at 75°C 
Frequency Deviation with Temperature: 

±0.0005% from frequency measured at 75°C 
permitted over range of 70" to 80°C 

Operating Temperature Range: 75° ±5°C 
Operable Temperature Range: -40° to +80°C 

±2°C 
Resonance: Series 
Load Capacitance: Not applicable 
Harmonic of Quartz Vibration: F-undamental 
Maximum Drive Level: 2 mw 
Maximum Pin-to-Pin Capacitance: Not specified 
Maximum Effective Resonance Resistance: 3000 

ohms 

PERFORMANCE CHARACTERISTICS OF 
NORMAL CRYSTAL ELEMENT 

See characteristics of element D, paragraph 
1-116, figure 1-52. 
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TYPES OF CIRCUITS USED IN 

Meacham-bridge, two-stage-grounded-cathode, 
transitron, transformer-coupled, modified Butler 

MOUNTING DATA 

Crystal Holder: HC-5/U or HC-21/U 
Method of Mounting Crystal: Wire-mounted in 

plastic holder · 
Dimensions and Marking: See figure 2-23(B). All 

dimensions in inches. Unless otherwise specified, 
tolerances are ±0.005 in. on decimals. 

WGISTICAL DATA 

USAF Stock No.: 2100-2X530-frequency in kc 
Status: Standard ( Category 1) 
Date of Status: 9 October 1950 
Related Specifications, Standards, and Publica

tions: See Appendix IV. 
Commercial Sources: See Appendix III. 
Renuirks: Use of the crystal unit is discouraged by 

some manufacturers because, in their opinion, 
the specified holder (HC-5/U) suffers these 
important disadvantages: The holder is not her
metically sealed ( although a metal hermetically
sealed version will be used in procurement of 
future models) ; it has a poor form factor; and 
it uses an unorthodox base which requires a 
special socket. In addition, the phenolic holder 
is even more detrimental at the 75° operating 
temperature. 

Equipment Used In: 
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MILITARY STANDARD TEST DATA 

Authority: Military Specification MIL-C-3098B, 
approved 9 December 1955 

Requirements and Procedures of Tests: See para
graphs 2-21 through 2-50. 

Reference Standard Teat Set: Crysta] Impedance 
Meter TS-537 /TSM 

Electrical Connection of Holder: Not applicable 
Method of Measuring Frequency and Effective 

Resonance Resistance: B 
Drive Adjustment Procedure: MS91482 (see para

graph 2-61 and MIL-C-3098B) 
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Shock and Vibration Test: 
Permitted change in frequency: ±0.001 % 
Permitted change in effective resonance resist

ance: ±15% 
Aging Test: 

Permitted change in frequency: ±0.001% 

Tensile Strength Test (Minimum Requirements): 
Not specified 

Frequency (kc) 
80 to 119.999 ................................................................ . 

120 to 159.999 ................................................................. . 
160 to 199.999 ................................................................ .. 

Gmm8 
1000 
800 
700 
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FUNCTIONAL DESCRIPTION 

Metal-plated quartz plate, wire-mounted in a 
metal holder and designed to operate on the third 
and fifth mechanical harmonic of the fundamental 
frequency of the quartz plate. Used as a high-to
very-high-frequency control element in circuits 
where superior frequency stability is required. 
The crystal unit is intended to be mounted in a 
temperature-controlled oven, and operated at 
series resonance. 

RATED OPERATING CHARACTERISTICS 

Frequency Range: 10 to 75 me 
Nominal Frequency Tolerance: ±0.002% at 75°C 
Frequency Deviation with Temperature: 

±0.0005% from frequency measured at 75°C 
permitted over range of 70° to 80°C 

Operating Temperature Range: 75° ±5°C 
Operable Temperature Range: -55° to +90°C 

±2°C 
Resonance: Series 
Load Capacitance: Not applicable 
Harmonic of Quartz Vibration: 

Overtone Frequency (me) 
Third 10 to 52 
Fifth 52.000001 to 75 

Maximum Drive Level: 
10 to 24.999999 (2 mw) 
25 to 75 (1 rnw) 

Maximum Pin-to-Pin Capacitance: 7.0 ,.,.f 
Maximum Effective Resonance Resistance: 

Frequency (me) Resistance (ohms) 
10 to 14.999999-.. ................ _............. 60 
15 to 52 ...... ...................................... 40 
52.000001 to 75.................................. 60 
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PERFORMANCE CHARACTERISTICS OF 
NORMAL CRYSTAL ELEMENT 

See characteristics of elements A and B, para
graphs 1-112, -114, figures 1-49, -50, -ni, -113, 
-115, -118. 

TYPES OF CIRCUITS USED IN · 

Butler, transformer-coupled, capacitance-bridge, 
transitron, impedance-inverted 

MOUNTING DATA 

Crystal Holder: HC-6/U 
Method of Mounting Crystal: Wire-mounted in 

meta] holder 
Dimensions and Marking: See figure 2-25(B). All 

dimensions in inches. Unless otherwise sp(:Cified, 
tolerances are ±0.005 in. on decimals. 

LOGISTICAL DATA 

USAF Stock No.: 2100-2X532-frequency in me 
Status: Standard (Category 1) 
Date of Status: 9 October 1950 
.Related Specifications, Standards, and Publica

tions: See Appendix IV. 
Commercial Sources: See Appendix III. 
Remarks: This unit is difficult to manufacture to 

all specification requirements over the entire 
upper and lower frequency ranges. 

Equipment Used In: 
Receiver-Transmitter RT-173/ARC-33 (see fig

ure 1-175(E) ) 
Radio Set AN/ARC-34(XA-1) (see figure 

1-175(1) ) 
Radio Set AN/MRC-20 (11 crystals) 
Radio Receiving Set AN /GRR-7 ( 1750 crystals) 

' . ' 

\}; 
• 1J 



2.11( 

,51( I270 

~ LOW-Q INDUCTOR 
ANTIRESONANT 

WITH CAPACITANCE _ ·= = SHUNTING CRYSTAL 

------

Section II 
1,ystal Urlh-Group I 

ll1FOOU8l.ER OUTPUT 
15140/SNl'l'll 

220 2201( 
.n. 

{CAPACITANCE IN lilif J 

Figure 2-26. Scltematic diagram of typical otclllato, designed for UN wltlt Crystal Unit CR-32/U 

MILITARY STANDARD TEST DATA 
Authority: Military Specification MIL-C-3098B, 

approved 9 December 1955 
Requirements and Procedures of Tests: See para

graphs 2-21 through 2-50. 
Reference Standard Test Set: Crystal Impedance 

Meter TS-683/TS:M 
Ekctrical Connectimi of Holder: 

Holder grounded 
Metkod of Measuring Frequency and Effective 

Resonance Remtance: B 
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Drive Adjustment Procedure: MS90168 (see para
graphs 2-62 and 2-64 per MIL-C-3098B) 

Shock and Vibration Test: 
Permitted change in frequency: ±0.0005% 
Permitted change in effective resonance remt

ance: ±15% or 2 ohms, whichever is greater 
Aging Test: 

Permitted change in frequency: 0.001 % 

Tensil,e Strength Test (Minimum Requirements): 
Not required 
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Figure 2-27. Crystal Unit CR.-33/U 

FUNCTIONAL DESCRIPTION 
Metal-plated quartz plate, wire-mounted in 

metal holder and designed to operate on the third 
mechanical harmonic of the fundamental fre
quency of the quartz plate. Used as a high
frequency control element in circuits which must 
maintain above-average frequency stability in the 
absence of oven control, even when exposed to 
wide variations of temperature. The crystal unit 
is intended for operation at parallel resonance. 

RATED OPERATING CHARACTERISTICS 
Frequency Range: 10 to 25 me 
Nominal Frequency T.olerance: ±0.005% at all 

temperatures within the operating range 
Frequency Deviation with Temperature: Permis

sible within limits of nominal frequency toler
ance 

Operating Temperature Range: -55° to +90°C 
±2°C 

Operable Temperature Ranqe: Not specified be-
yond operating temperature range 

Resonance: Parallel 
Load Capacitance: 32 ±0.5 ,_.,,.f 
Harmonic of Quartz Vibration: Third overtone 
Maximum Drive Level: 2.5 mw 
Maximum Pin-to-Pin Capacitance: 12.0 ,.,,.f 
Maximum E,'fjective Resonance Resistance: 

Frequency (kc) Resistance (ohms) 
10 to 10.999999............................. 65 
11 to l 1.999999.............................. 60 
12 to 12.999999. ................. ..... 55 
13 to 13.999999....................... ..... 50 
14 to 14.999999.............................. 45 

WADC TR 56-156 460 

Frequency (kc) Resistance (ohms) 
15 to 15.999999.... ....................... 41 
16 to 16.999999........................ ... 38 
17 to 17.999999.............................. 36 
18 to 18.499999.............................. 34 
18.5 to 18.999999.............................. 32 
19 to 19.499999 ........................ 30 
19.5 to 19.999999............................. 28 
20 to 20.499999.............................. 26 
20.5 to 20.999999.............................. 25 
21 to 21.499999.............................. 24 
21.5 to 21.999999......................... .... 23 
22 to 22.499999.............................. 22 
22.5 to 22.999999.............................. 21 
23 to 23.499999.............................. 20 
23.5 to 23.999999.............................. 19 
24 to 24.499999.............................. 18 
24.5 to 25 ............................................ 17 

PERFORMANCE CHARACTERISTICS OF 
NORMAL CRYSTAL ELEMENT 

See characteristics of element A, paragraph 
1-112, figures 1-49, -112, -113, -115, -118. 

TYPES OF CIRCUITS USED IN 
Tuned-Pierce, tuned-Miller, Butler, modified 

Colpitts,· capacitance-bridge, transformer-coupled, 
modified transitron 

MOUNTING DATA 
Crystal Holder: HC-6/U 
Method of Mounting Crystal: Wire-mounted in 

metal holder 
Dimensions and Marking: See figure 2-27(B). All 

dimensions in inches. Unless otherwise specified, 
tolerances are ±0.005 in. on decimals. 
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Figure 2-28. Scltemotlc diar,ram of typical osclllotor designed for use with Crystal Unit CR-33/U 

LOGISTICAL DATA 

USAF Stock No.:· 2100-2X533-frequency in me 
Status: Special application (Category 1) 
Date of Status: 19 November 1952 
Related Specifications, Standards, and Publica-

tums: See Appendix IV. 
Commercial Source'J: See Appendix III. 
Remarks: None 
Equipment Used In: 

Radio Receiver R-252/ARN-14 (see figures 
1-137(B), 1-138(A) ) 

Radio Receiver R-252C/ ARN-14 (34 crystals) 
Radio Receiver R-541/ ARN-14D (34 crystals) 

.MILITARY STANDARD TEST DATA 

Authority: Military Specification MIL-C-3098B, 
approved 9 December 1956 

WADC TR 56-156 461 

Requirements and Procedures of Tests: See para
graphs 2-21 through 2-60 

Reference Standard Test Set: Crystal Impedance 
Meter TS-683/TSM 

Electrical Connectwn of Holder: Holder grounded 
Metlwd of Measuring Frequency and Effective 

Resonance Resistance: A 
Drive Adjustment Procedure: MS91415 (see para

graph 2-63 and MIL-C-3098B) 
Shock and Vibration Test: 

Permitted change in frequency: 
±0.0005% for units of 2000 kc and above 
±0.001 % for units below 2000 kc 

Permitted cluinge in effective resonance resist
ance: Wire-mounted- ±15% or 2 ohms, 
whichever is greater. 

Aging Test: Not required 

Tensile Strength Test (Minimum Requirements): 
Not required 



Section II 
Crystal Units-Group I 

CRYSTAL UNIT CR-35/U 
(MF-HFJ 

FRONT 

----. 
Wit COO£ 0 a ... 

,n 

TOP 

~NOMINAL 
~ FREQUENCY 

czz '° 
c::;:::;:====::::"::J~ 

L.~ 
Figure 2-29. Cryllol Unit CR-35/U 

FUNCTIONAL DESCRIPTION 

Metal-plated quartz plate, wire-mounted in a 
metal holder and designed to operate on the funda
mental frequency of the quartz plate. Used as a 
medium-to-high frequency control element in cir
cuits where superior frequency stability is re
quired. The crystal unit is intended to be mounted 
in a temperature-controlled 0ven, and operated at 
series resonance. 

RATED OPERATING CHARACTERISTICS 

Frequency Range: 800 to 20,000 kc 
Nominal Frequency Tolerance: ±0.002% at 85°C 
Frequency Deviation with Temperature: 

±0.0005% from frequency measured at 85°C 
permitted over range of 80° to 90°C 

Operating Temperature Range: 85° ±5°C 
Operable Temperature Range: -55° to +90°C 

±2"C 
Resonance: Series 
Load Capacitance: Not applicable 
Harmonic of Quartz Vibration: Fundamental 
Maximum Drive Level: 

800 to 9,999.999 kc (5 mw) 
10,000 to 20,000 kc (2.5 mw) 

Maximwm Pin-to-Pin Capacitance: 7.0 ,,_,.f 
Maximum Effective Resonance Resistance: 

Frequency (kc) Resistance (ohms) 
800 to 999.999........................... 800 

1000 to 1,249.999 .......................... 500 
1250 to 1,499.999.......................... 400 
1500 to 1,749.999................. ...... 350 
1750 to l,999.999........................... 300 
2000 to 2,249.999...................... .... 250 
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Frequency (kc) Resistance (ohms) 
2250 to 3,749.999.......................... 150 
3750 to 4,999.999 .. -.............. ........ 100 
5000 to 6,999.999.......................... 50 
7000 to 9,999.999........................... 30 

10,000 to 20,000 ................................. 25 

PERFORMANCE CIJARACTERISTICS OF 
NORMAL CRYSTAL ELEMENT 

See characteristics of elements A and B, para
graphs 1-112, -114, figures 1-49, -50, -115, -118. 

TYPES OF CIRCUITS USED IN 

Butler, transformer-coupled, transitron, modi
fied Colpitts 

MOUNTING DATA 

Crystal Holder: HC-6/U 
Method of Mounting Crystal: Wire-mounted in 

metal holder 
Dimensions and Marking: See figure 2-29(B). All 

dimensions in inches. Unless otherwise specified, 
tolerances are ±0.005 in. on decimals. 

LOGISTICAL DAT A 

USAF Stock No.: 2100-2X535-frequency in kc 
Status: Standard (Category 1) 
Date of Status: 19 November 1952 
Rel.ated Specifications, Standards, and Publica

tions: See Appendix IV. 
Commercial Sources: See Appendix III. 
Remarks: Complete information on long-term per

formance of crystals operating at the tempera
ture specified for this unit is not yet available. 

Equipment Used In: 
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MILITARY STANDARD TEST DATA 
Authority: Military Specification MIL-C-8098B, 

approved 9 December 1955 
Requirements and Procedures of Tests: See para

graphs 2-21 through 2-50. 
Reference Standard Test Set: 

Crystal Impedance Meter TS-330/TSM (800 to 
14,999.999 kc) 

Crystal Impedance Meter TS-683/TSM (15,000 
to 20,000 kc) 

Electrical Connection of HoT,der: 
Holder grounded 

Method of Measuring Frequency and Effective 
Resonance Resistance: B 
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Drive Adjustment Procedure: 
800 to 14,999.999 kc: MS90167 (see paragraph 

2-60 and MIL-C-8098B) 
15,000 to 20,000 kc: MS90168 (see paragraph 

2-62 and MIL-C-3098B) 
Shock and Vibration Test: 

Permitted change in frequency: ±0.0005% 
Permitted change in effective resonance resist

ance: ±15% or 2 ohms, whichever is greater 
Aging Test: 

Permitted change in frequency: ±0.001 % 

Tensile Strength Test (Minimum Requirements): 
Not required 
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FUNCTIONAL DESCRIPTION 

Metal-plated quartz plate, wire-mounted in a 
metal holder and designed to operate on the funda
mental frequency of the quartz plate. Used as a 
medium-to-high-frequency control element in cir
cuits where superior frequency stability is re
quired. The crystal unit is intended to be mounted 
in a temperature-controlled oven, and operated at 
parallel resonance. 

RATED OPERATING CHARACTERISTICS 
Frequency Range: 800 to 20,000 kc 
Nominal Frequency Toleran,;e: ±0.002% at 85°C 
Frequency Deviation with Temperature: 

±0.0005% from frequency measured at 75°C 
permitted over the range of 80° to 90°C 

Operating Temperature Range: 85° ±5°C 
Operable Temperature Range: -55° to +90°C 

±2°C 
Resonance: Parallel 
Load Capacitance: 32 ±0.5 ,,.,,.f 
Harmonic of Quartz Vibration: Fundamental 
Maximum Drive Level: 

800 to 9,999.999 kc ( 5 mw) 
10,000 to 20,000 kc (2.5 mw) 

Maximum Pin-to-Pin Capacitance: 7.0 ,,.,,.f 
Maximum Effective Resonance Resistance: 

Frequency (kc) Resistance (ohms) 
800 to 999.999............... ........ 1000 

1000 to 1,249.999 ............... .. 800 
1250 to 1,499.999. ............. ...... 700 
1500 to 1,749.999.................. 600 
1750 to 1,999.999....................... 550 
2000 to 2,249.999....................... 500 
2250 to 2,999.999........................ 320 
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Frequency (kc) Resistance (ohms) 
8000 to 3,749.999.................. 175 
3750 to 4,749.999....................... 120 
4750 to 5,999.999..................... .. 75 
6000 to 7,499.999....................... 50 
7500 to 9,999.999 .......... ·-··········· 85 

10,000 to 20,000 ................................. 25 

PERFORMANCE CHARACTERISTICS OF 
NORMAL CRYSTAL ELEMENT 

See characteristics of elements A and B, para
graphs 1-112, -114, figures 1-49, -50, -115, -118. 

TYPES OF CIRCUITS USED IN 
Pierce, Miller, multivibrator-type 

MOUNTING DATA 
Crystal Holder: HC-6/U 
Method of Mounting Crystal: Wire-mounted in 

metai holder 
Dimensions and Marking: See figure 2-31 ( B). All 

dimensions in inches. Unless otherwise specified, 
tolerances are ±0.005 in. on decimals. 

WGISTICAL DATA 
USAF Stock No.: 2100-2X536-frequency in kc 
Status: Standard ( Category 1) 
Date of Status: 19 November 1952 
Rel.ated Specifications, Standards, and Publica

tions: See Appendix IV. 
Commercial Sources: See Appendix III. 
Remarks: Complete· information on long-term per

formance of crystals operating at the tempera
ture specified for this unit is not yet available •. 

Equipment Used In: Radio Set AN/GRC-30 (42 
crystals) 
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figure 2-32. Scbematic diagram of typical oscillator designed #or use with Crystal Unit CR-36/U 

MILITARY STANDARD TEST DATA 

Authority: Military Specification MIL-C..Z098B, 
approved 9 December 1955 

Requirements and Procedures of Tests: See para
graphs 2-21 through 2-50. 

Reference Standard Test Set: 
Crystal Impedance Meter TS-330/TSM (800 to 

14,999.999 kc) 
Crystal Impedan<'e Meter TS-683/TSM (15,000 

to 20,000 kc) 
Electrical Con:necti!>n of Ho/,der: 

Holder grounded 
Method of Measuring Frequency and Effective 

Resonance Resistance: B 
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Drive Adjustment Procedure: 
800 to 14,999.999 kc: MS90167 (see paragraph 

2-60 and MIL-C-3098B) 
15,000 to 20,000 kc: MS90168 (see paragraph 

2-62 and MIL-C-3098B) 
Shock and Vibration Test: 

Permitted change in frequency: ±0.0005% 
Permitted c.hange in ef/ective resonance resist

ance: ±15% or 2 ohms, whichever is greater 
Aging Test: 

Permitted change in frequency: ±0.001 % 

Tensile Strength Test (Minimum Requirements): 
Not specified 
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figure 2-33. Crystal Unit CR-31 /U 

FUNCTIONAL DESCRIPTION 

Metal-plated quartz plate, wire-mounted in a 
metal holder and designed to operate on the funda
mental frequency of the quartz plate. Used as a 
low-frequency control element in circuits which 
need only minimum requirements in frequency 
stability in the absence of oven control under ex
posure to wide variations of temperature. The 
crystal unit is intended for operation at parallel 
resonance. 

RATED OPERATING CHARACTERISTICS 

Frequency Range: 90 to 250 kc 
Nominal Frequency Tolerance: ±0.02% at all 

temperatures within the operating range 
Frequency Deviation with Temperature: Permis

sible within limits of nominal frequency toler
ance 

Operating Temperature Range: -40° to +70°C 
±2°C 

Operable Temperature Range: Not specified be-
yond operating temperature range 

Resonance: Parallel 
Load Capacitance: 20 ±0.5 p.,u.f 

Harmonic of Quartz Vibration: Fundamental 
Maximum Drive Le1;el: 2 mw 
Maximum Pin-to-Pin Capacitance: See page 467. 
Ma:rimum Effective Resonance Resistance: 

Frequency (kc) Resistance (ohms) 
90 to 169.999 ..... ··············•--·••····· 5000 

170 to 250 .. .... ........................................ 700<5 
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PERFORMANCE CHARACTERISTICS OF 
NORMAL CRYSTAL ELEMENT 

See characteristics of dement E, paragraph 
1-199, figures 1-24, -25, -26. 

TYPES OF CIRCUITS USED IN 

Two-stage-grounded-cathode, modified transi
tron, Miller, modified Butler 

MOUNTING DATA 

Crystal Houler: HC-13/U 
Method of Mounting Crystal: Wire-mounted in 

metal holder 
Dimensions and Marking: See figure 2-33 ( B). All 

dimensions in inches. Unl~s otherwise specified, 
tolerances are ± 0.005 in. on decimals. 

LOGISTICAL DATA 

USAF Stock No.: 2100-2X537-frequency in kc 
Status: Special applicati6n (Category 2) 
Date of Status: 19 November 1952 
Rekited Specifications, Standards, and Publica-

tions: See Appendix IV. 
Commercial Sources: See Appendix III. 
Remarks: None 
Equipment Used In: Radio Set AN/ARN-27 (10 

crystals) 

MILITARY STANDARD TEST DATA 

Authority: Military Specification MIL-C-3098B, 
approved 9 December 1965 
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Figure 2-34. Sdtematlc diagram of typical oscillator designed for use with Crystal Unit CR-37 /U 

Requirements and Procedures of Tests: See para
graphs 2-21 through 2-50. 

Reference Standard Test Set: Crystal Impedance 
Meter TS-537/TSM or TS-710/TSM 

Electrical Connection of Holder: Holder grounded 
Method of Measuring Frequency and Effective 

Resonance Resistance: A 
Drive Adjustment Procedure: MS91482 (see para

graph 2-61 and MIL-C-3098B) or MS91446 
(see paragraph 2-65 and MIL-C-3098B) 

Shock and Vibration Test: 
Permitted change in {1·equency: ±0.001 % 
Permitted change in effective resonance resist

ance: ±15% 
Aging Test: 

Permitted change in frequency: ±0.001 % 

Tensile Strengt.h Test (Minim1tm Requirements): 
Frequency (kc) Gram..'! 
90 to 169.999.......... .. ..................... ........................... 800 

170 to 250 ..... ················· .... ······· ··············· 700 

Capacitance: From pin-to-pin, where f is the 
specified frequency in kc per second 

Frequency (kc) Permitted 
inclusive capacitance ( ,,_,,_f) 

90.000 to 169.999 ........ 
4
; 0 + 1.2, ± 15'}f, 

170.000 to 250.999 ........ 3;
2 + 1.2, ± 15 % 
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Fl9ure 2-35. Cryllal Unit CR-38/U 

FUNCTIONAL DESCRIPTION 

Metal-plated quartz plate, wire-mounted in a 
metal holder and designed to operate on the funda
mental frequency. of the quartz plate. Used as a 
very-low-to-low-frequency control element which 
need meet only average requirements in frequency 
stability in the absence of oven control when ex
posed to wide variations of temperature. The 
crystal unit is intended for operation at parallel 
resonance. 

RATED OPERATING CHARACTERISTICS 

Frequency Range: 16 to 100 kc 
Nominal Frequency Tolercnce: ±0.012% at all 

temperature~ within the operating range 
Frequency Deviation with Temperature: Permis

sible within limits of nominal frequency toler
ance 

Operating Temperature Range: -40° to +70°C 
±2°C 

Operable Temperature Range: Not specified be-
yond operating temperature range 

Resonance: Parallel 
Load Capacitance: 20 ±0.5 p.p,f 

Harmonic of Quartz Vibration: Fundamental 
Maximum Drive Level: 0.1 mw 
Max·imum Pin-to-Pin Capacitance: See page 469. 
Maximum Effective Resonance Resistance: 

200,000 ohms 
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PERFORMANCE CHARACTERISTICS OF 
NORMAL CRYSTAL ELEMENT 

See characteristics of element N, paragraph 
1-104, figures 1-36, -37, -38. 

TYPES OF CIRCUITS USED IN 

Two-stage-grounded-cathode. modified transi
tron 

MOUNTING DATA 

Crystal Holder: HC-13/U 
Method of Mo·unting Crystal: Wire-mounted in 

metal holder 
Dimensions and Marking: See figure 2-35(B). All 

dimensions in inches. Unless otherwise specified, 
tolerances are ±0.005 in. on decimals. 

LOGISTICAL DATA 

USAF Stock No.: 2100-2X538-frequency in kc 
Status: Special application (Category 2) 
Date of Statu.<r: 19 November 1952 
Related Specifications, Standards, and Publica-

tions: See Appendix IV. 
Commercial Sources: See Appendix III. 
Remarks: None 
Equipment Used In: 
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MILITARY STANDARD TEST DATA 

Authority: Militar; Specification MIL-C-3098B, 
approved 9 December 1956 

Requirements and Procedures of Tests: See para
graphs 2-21 through 2-50. 

Reference Standard Test Set: Crystal Impedance 
Meter TS-710/TSM 

Electrical Connection of Holder: 
Hotder grounded 

Method of Measuring Frequency and Effective 
Resonan<:e Resistance: A 

Drive Adjmtment Procedure: MS91446 (see para
graph 2-65 and MIL-C-8098B) 

Shock and Vibration Test: 
Permitted change in frequency: ±0.001% 
Permitted change in ejJective resonance resist

ance: ±16% 
Aging Test: 

Permitted change in frequency: ±0.001 % 

Tensile Strength Test (Minimum Requirements): 

Frequency (kc) Grams 
16 to 59.999....................................................................... 800 
60 to 100 ................................................................................. 700 

Capacitance: From pin-to-pin, where f is the 
specified frequency in kc per second 

Frequency (kc) Permitted 
inclmive capacitance ( p.p.f) 

16.000 to 88.999 .....•.... ~ + 1.6, ±15% 

34.000to53.999 .......... Ff +1.6, ±16'}f-

54.000 to 100.000 ......... ~ + 1.6, ±15°~ 
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figure 2-37. Crystal Unit CR-39/U 

FUNCTIONAL DESCRIPTION 

Metal-plated quartz plate, wire-mounted in an 
evacuated glass-bulb holder (vacuum-tube type) 
and designed to operate on the fundamental fre
quency of the quartz plate. Used as a low-to
medium-frequency control element in circuits 
which must maintain unusually high frequency 
stability in the absence of oven control, even when 
exposed to wide variations of temperature .. The 
crystal upit is intended for operation at series 
resonance. 

RATED OPERATING CHARACTERISTICS 

Frequcnc.11 Range: 160 to 330 kc 
Nominal Frequency Tolerance: ±0.003% at 25°C 
Frequency Deviation u·ith Temperature: 

:t: 0.01).l ~" from frequency measured at 25°C 
over range of -55° to +75°C ±2°C 

Operatinr, Temperature Range: --55° to +75°C 
"- 2°c 

Oprrablc Temperature Range: Not specified be-
yond operating kmperature range 

R,,so111111,·1·: Series 
J,oad Caparitancc: Not applicable 
llcu·111011i,· of ()uarf;; Vibration: Fundamental 
Maxi11111111 Dri1·r Lc1·el: 0.1 mw 
JH a .r i 11111111 Pi11-to-Pin Capacitance: 

Fre,,1JC11cy (kc) 

mo to 219.999 

250 to :3:30 .. 
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Capacitance (µ.pf) 

4320 
2 ·· Frequency (kc) + 

1100 
··· ··· ······· ········· ... Frequency (kc) + 2 

470 

Maximum Effective Resonance Resistance: 
Frequency (kc) Resistance (ohms) 
160 to 249.999........... . ...... ....... 150 
250 to 330 .. .. .. ............ .. ... 600 

Deviation: Effective Resistance 

Frequency (kc) 
160 to 249.999 ..... . 

Resistance (ohms) 
50 

250 to 330 .. 200 

PERFORMANCE CHARACTERISTICS OF 
NORMAL CRYSTAL ELEMENT 

See characteristics of element G, paragraph 
1-119, figures 1-55, -56, -117. 

TYPES OF CIRCUITS USED IN 

Meacham-bridge, two-stage-grounded-cathode, 
transitron, transformer-coupled, Butler, modified 
Colpitts 

MOUNTING DATA 

Crystal Holder: HC-15/.U 
Method of Mounting Crystal: Wire-mounted in an 

evacuated glass-bulb holder 
Dimensions and Marking: See figure 2-37(B). All 

dimensions in inches. Unless otherwise specified, 
tolerances are ±0.005 in. on decimals. 

LOGISTICAL DATA 

USAF Stock No.: 2100-
Status: Special application (Category 2) 
Date of Status: 19 November 1952 
Related Specifications, Standards, and Publica

tions: See Appendix IV. 
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Commercial Sources: See Appendix III. 
Remarks: Below 180 kc, the shortness of the 

holder relative to the size of the crystal blank 
increases the difficulty of obtaining a reliable 
crystal unit. 

Equipment Used In: Radio Set AN/APN-5 

MILITARY STANDARD TEST DATA 

Authority: Military Specification MIL-C-3098B, 
approved 9 Dectimber 1955 

Requirements and Procedures of Tests: See para
graphs 2-21 through 2-50. 

Reference Standard Test Set: .Crystal Impedance 
Meter TS-710/TSM 

Electrical Connection of Holder: Not applicable 
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Method of Measuring Frequenc11 and Effective 
Resonance Resistance: B 

Drive Adjustment Procedure: MS91446 (see para
graph 2-65 and MIL-C-3098B) 

Shock and Vibration Test: 
Permitted change in frequency: ±0.00015% 
Permitted change in efjective resonance resist

ance: 15% 
Aging Test: 

Permitted change in frequency: ±0.000075% 
per week 

Tensile Strength Test (Minimum Requirements): 

Frequency (kc) Grams 
160 to 249.999............................................................ 1000 
250 to 330 .... ...................................................................... 800 
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CRYSTAL UNIT CR-40/U 
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Figure 2-39. Crystal Unit CR-40/U 

FUNCTIONAL DESCRIPTION 

Metal-plat~d quartz plate, wire-mounted in an 
evacuated glass-bulb holder ( vacuum-tube type) 
and designed to operate on the fundamental fre-
q uency of the quartz plate. Used as a low-to
medium-frequency control P.lement in circuits 
where superior frequency stability is required. 
The crystal unit is intended to be mounted in a 
temperature-controlled oven and operated at series 
resonance. 

RATED OPERATING CHARACTERlSTICS 

F·requency Range: 160 to 330 kc 
Nominal Frequency Tolerance: ±0.003% at 70°C 
Frequency Deviation with Temperature: 

±0.0005% from frequency measured at 70°C 
permitted over range of 65° to 75°C 

Operating Temperature Range: 70° ±5°C 
Operable Temperature Range: -55° to +75° • 

±2°C 
Resonance: Series 
Load Capacitance: Not applicable 
Hannonic of Quartz Vibration: Fundamental 
Maximum Drive Level: 0.1 mw 
Maximum Pin-to-Pin Capacitance: 

Frequcnc11 ( kc) Capacitance ( ,.,.,./) 

160 to 249.999.. . ......... Frequ~~~~ (kc) + 2 

250 to 330 ................................... 1',requ~~~~ (kc)+ 2 
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Maximum Effective Resonance Resistance: 
Frequency (kc) Resistance ( ohms) 
160 to 249.999.......................................... 150 
250 to 330 ..... . .. . ..................... . 600 

Effective Resistance Deviation: 

Frequency (kc) Resistance (ohms) 
160 to 249.999............. ........................... 50 
250 to 330 .... ................. ....... ............... 200 

PERFORMANCE CHARACTERISTICS OF 
NORMAL CRYSTAL ELEMENT 

See characteristics of element G, paragi:aph 
1-119, figures 1-55, -56, -117. 

TYPES OF CIRCUITS USED IN 

Meacham-bridge, two-stage-grounded-cathode, 
transitron, transformer-coupled, :autler, modified 
Colpitts 

MOUNTING DATA 

Crystal Holder: HC-15/U 
Method of Mounting Crystal: Wire-mounted in 

evacuated glass-bulb holder 
Dimensions and Marking: See figure 2-39 t B) , All 

dimensions in inches. Unless otherwise specified, 
tolerances are ±0.005 in. on decimals. 

LOGISTICAL DATA 

USAF Stock No.: 2100- 2X640 
Status: Special application (Category 2) 
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Date of StatWJ: 19 November 1952 
Reu,,ted Specifications, Standards, and Publica

tions: See Appendix IV. 
Commercial Sources: See Appendix III. 
Remarks: Below 180 kc, the shortness of the 

holder relative to the size of the crystal blank 
increases the difficulty of obtaining a reliable 
ceystal unit .. 

Equipment Used In: Radio Set AN/CPN-2A 

MILlTARY STANDARD TEST DATA 

Authority: Military Specification MIL-C--3098B, 
approved 9 December 1955 

Requirements and Procedures of Tests: See para
graphs 2-21 through 2-50. 

Reference Standard Test Set: Ceystal Impedance 
Meter TS-537 /TSM 
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Electrical Connection of Holder: Not applicable 
Method of Measuring Frequency and Effective 

Resonance Resistance: B · 
Drive AdfWJtment Procedure: MS91482 (see para

graph 2-61 and MIL-C-3098B) 
Shock and Vibration Test: 

Permitted change in frequency: ±0.00016% 
Permitted change in effective resonance resist

ance: ±10% or 10 ohms, whichever is greater 
Aging Test: 

Permitted change in frequency: ±0.00005% 
per week 

Tensile Strength Test (Minimum Requirements): 

Frequency (kc) Grams 
.160 to 249.999 .............. ················ 1000 
250 to 330 ................. . ... .. .... ...... .. 800 
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Figure 2-41. Crysta/ Unit CR.-42/U 

FUNCTIONAL DESCRIPTION 

Metal-plated quartz plate, wire-mounted in an 
evacuated glass-bulb holder (vacuum-tube type) 
and designed to operate on the fundamental fre
quency of the quartz plate. Used as a low-to-
medium-frequency control element in circuits 
where superior frequency stability is required. 
The crystal unit is intended to be mounted in a 
temperature-controlled oven, and operated at par- · 
allel resonance. 

RATED OPERATING CHARACTERISTICS 

Fre<ruency Ran11e: 90 to 250 kc 
Nominal Fre11uenc11 Tolerance: ±0.003% at 75°C 
FrequenC!f Deviation u•itk Temperature: 

±0.002~f, from frequency measured at 75°C 
permitted over range of 70° to 80°C 

Operatin!J Temperature Ranqe: 75° ±5°C 
Operable Temperature Ranve: -55° to +85°C 

±2°C 
Reso1w11rc: Parallel 
Load Capacitanre: 32 ±0.5 ,..,..f 
Harnwnir of Quartz Vil1ration: Fundamental 
iita.ri11111m Drive Lerel: 2 mw 
Ma.rimum Pin-to-Pin Capacitance: Not specified 
Ma:rimum Bfjective Resona-nee Resistance: 

P1·n,1/l'llC!f ( kc) 
\Hl to rn9.9H9 
170 to irio 
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Resistance (ohms) 
4500 
7000 

474 

PERFORMANCE CHARACTERISTICS OF 
NORMAL CRYSTAL ELEMENT 

See characteristics of element E, paragraph 
1-99, figures 1-24, -25, -2B. 

TYPES OF CIRCUITS USED IN 

Two-stage-grounded-cathode, Miller, modified 
transitron, modified Butler, Pierce 

MOUNTING DATA 

Crystal Holder: HC-13/U 
Method of Mounting Cr1rstal: Wire-mounted in an 

evacuated glass-bulb holder 
Dimension.~ and Marking: See figure 2-41(B). All 

dimensions in inches. Unless otherwise specified, 
tolerances are ±0.005 in. on decimals. 

LOGISTICAL DATA 

USAF Stock No.: 2100-2X542 
Statu..-:: Special application ( Category 2) 

Date of Statu.~: 19 November 1952 
Related Specification..'{, Standards, and Publica-

tions: See Appendix IV. 
Commercial Sources: See Appendix III. 

Remarks: None 
Equipment Used In: Radio Set AN/ARC-21 
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Figure 2--42. Schematic diagram of typical oscillator designed for u,e wit& Crystal Unit CM2/U 

MILITARY STANDARD TEST DATA 

Authority: Military Specification MIL-C-3098B, 
approved 9 December 1955 

Requirements and Procedures of Tests: See para
graphs 2-21 through 2-50. 

Reference Standard Test Set: Crystal Impedance 
Meter TS-537/TSM or TS-710/TSM 

Electrical Connection of Holder: Holder grounded 
Method of Measuring Frequency and Effective 

Resor,,ance Resistance: B 
Drive Adjustment Procedure: MS91482 (see para

graph 2-61 and MIL-C-3098B) or MS91446 
(see paragraph 2-65 and MIL-C-3098B) 
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Shock and Vibration Test: 
Permitted change in frequency: -0.001 to 

+0.0005% 
Permitted change in effective resonance resist

ance: ±15% 
Aging Test: 

Permitted change in frequency: -0.001 to 
+0.0000% 

Tensile Strength Test (Minimum Requirements): 

Frequency (kc) Grams 
90 to 169.999.................. ............................................ 800 

170 to 250 .............................................................................. 700 
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FUNCTIONAL DESCRIPTION 

Metal-plated quartz plate, wire-mounted in an 
evacuated metal-shell holder (vacuum-tube type) 
and designed to operate on the fundamental fre
quency of the quartz plate. Used as a low-fre
quency control element in circuits which must 
maintain good frequency stability in the absence 
of oven control, even when exposed to wide varia
tions of temperature. The crystal unit is intended 
for operation at parallel resonance. 

RATED OPERATING CHARACTERISTICS 

Frequency Range: 80.860 kc (can be fabricated 
within a range of 70 to 100 kc) 

Nominal Frequency Tolerance: ±0.01 % at 25°C 
Frequency Deviation with Temperature: 

±0.0005% from frequency meaoured at 25°C 
permitted over range of -30° to +75°C ±2°C 

Operating Temperature Range: --30° to +75°C 
±2°C 

Operable Temperature Range: Not specified be-
yond operating temperature range 

Resonance: Parallel 
Load Capacitance: 45 ± 1.0 ,,.,,f 
Harmonic of Quartz Vibration: Fundamental 
Maximum Drive Level: 2 mw 
Maximum Pin-to-Pin Capacitance: 45 p.p.f. 
Maximum Effective Resonance Resistance: 

Frequency (kc) Resistance (ohms) 
80.860 ··············•···························--····· 3000 
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PERFORMANCE CHARACTERISTICS OF 
NORMAL CRYSTAL ELEMENT 

See characteristics of element M, paragraph 
1-103, figures 1-33, -34, -35. (Optional: element E, 
paragraph 1-99, figures 1-24, -25, -26.) 

TYPES OF CIRCUITS USED IN 

Two-stage-grounded-cathode, Miller, modified 
transitron 

MOUNTING DATA 

Crystal Holder: HC-16/U 
Method of Mounting Crystal: Wire-mounted in 

evacuated metal-shell holder 
Dimensions and Marking: See figure 2-43(B). AU 

dimensions in inches. Unless otherwise specified, 
tolerances are ±0.005 in. on decimals. 

LOGISTICAL DATA 

USAF Stock No.: 2100- 2X543-80.86 
Status: Special application (Category 2) 
Date of Status: 19 November 1952 
Related Specifications, Standards, and Publica

tions: See Appendix IV. 
Commercial Sources: See Appendix III. 
Remarks: The shortness of the crystal holder rela

tive to the size of the crystal blank increases 
the difficulty of obtaining a reliable crystal unit. 
This .unit is used in equipment for controlling 
mile pulses. 

Equipment Used In: 

·' 
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MILITARY STANDARD TEST DATA 
Authority: Military Specification MIL-C-8098B, 

approved 9 December 1955 
Requirements and Procedures of Tests: See para

graphs 2-21 through 2-50. 
Reference Standard Test Set: Crystal Impedance 

Meter TS-537 /TSM 
Electrical Connection of Holder: Holder grounded 
Method of Measuritig Frequency and Effective 

Resonance Resistance: B 
Drive Adjustment Procedure: M:S91482 (see para

graph 2-61 and MIJ...,..C-3098B) 
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Shock and Vibration Test: 
Permitted change in frequency: ±0.001 % 
Permitted change in effective resonance resist

ance: ±15% 
Aging Test: 

Permitted change in frequency: ±0.00075% 
per week 

Tensile Strength Test (Minimum Requirements): 

Frequency (kc) Grams 
80.860 .................................................................................... 1000 
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FUNCTIONAL DESCRIPTION 

Metal-plated quartz plate, wire-mounted in a 
metal holder and designed to operate on the funda-· 
mental frequency of the quartz plate. Used as a 
high-frequency control element in circuits where 
superior frequency stability is required. The crys
tal unit is intended to be mounted in a tempera
ture-controlled oven, and operated at parallel 
resonance. 

RATED OPERATING CHARACTERISTICS 

Frequency Range: 15,000 to 20,000 kc 
Nominal Frequency Tolerance: ±0.002% at 85°C 
Frequcnry Deviation with Temperature: 

±0.000,)~;. from frequency measured at 85°C 
permitted over range of 80" to 90°C 

Operatina Temperature Range: 85° ±5°C 
Operal>I,· Tempera.ture Range: -55° to +90° 

±2''C 
Rf'sonance: Parallel 
Loa.d Caparif<tnce: 32 ±0.5 µµf 

Harmo11ir of Quartz Vibration: Fundamental 
Maximum Dril'e Le-r1el: 1 mw 
Ma:timum Pin-to-Pin Capacitance: 7.0 µµf 

lfa.riuwm h'ffective Resonance Resistance: 25 
ohms 

PERFORMANCE fHARACTERISTI,CS OF 
NORMAL CRYSTAL ELEMENT 

S1!c characteristics of elements A and B, para
graphs 1-11:2, -114, figures 1-49, -50, -115, -118. 
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TYPES OF CIRCUITS USED IN 

Pierce, Miller 

MOUNTING DATA 

Crystal Holder: HC-6/U 
Method of Mounting Crystal: Wire-mounted in 

metal holder 
Dimensions and Marking: See figure 2-45(B). All 

dimensions in inches. Unless otherwise specified, 
tolerances are ±0.005 in. on decimals. 

WGISTICAL DATA 

USAF Stock No.: 2100-
Status: Special application 
Date of Status: 19 November 1952 
Related Specifications, Standards, and Publica

tions: See Appendix IV. 
Commercial Sources: See Appendix III. 
Remarks: •For replacement only. For new appli

cations specify CR-36/U. 

Equipment Used In: Radio Set AN/GRC-30 (42 
crystals) 

MILITARY STANDARD TEST DATA 

Authority: Military Specification MIL-C-3098B, 
approved 9 December 1955 

Requirements and Procedures of Tests: See para
graphs 2-21 through 2-50. 

Refe1·ence Standard Test Set: Crystal Impedance 
Meter TS-683/TSM 
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Figure 2-46. Schematic diagram of typical oscillator designed for use with Crystal Unit CR-44/U 

Elt,ctrical Connection of Holder: 

Holder grounded 

Method of Measuring Frequency and Effective 
Resonance Resistance: B 

Drive Adjustment Procedure: MS90168 (see para
graph 2-62 and MIL-C-3098B) 
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Shock and Vibration Test: 
Permitted change in fre<Juency: ±0.0005% 
Permitted change in efjecti1Je resonance re.~ist

ance: ± 15% or 2 ohms, whichever is greater 
Aging Test: Not required 

Tensile Strength Test (Minimum Requirements): 
Not required 
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Fi9ure 2-47. Crystal Unit CR.-45/U 

FUNCTIONAL DESCRIPTION 

Metal-plated quartz plate, wire-mounted in a 
metal holder and designed to operate on the funda
mental frequency of the quartz plate. Used as a 
455-kc i-f filter element in radio receiver circuits 
which must provide greater·-selectivity and i-f sta
bility than can be obtained with conventional L-C 
bandpass circuits. The crystal unit is intended for 
operation at series resonance without oven control 
of the temperature. 

RATED OPERATING CHARACTERISTICS 

Frequency Range: 455 kc 
Nominal Frequency Tolerance: ±0.02% at all 

temperatures within operating range 
Special requirements: (a) The crystal unit shall 

have a difference in frequency of +so ± 12 
cycles between operating at the series reso
nant frequency and parallel-resonance of 32 
±0.5 ,.._,.._f. These tests shall be made at room 
temperature. (b) The crystal unit shall be 
free of spurious response within 7 kc of the 
nominal frequency. 

Frequency Deviation with Temperature: Permis
sible within limits of nominal frequency toler
ance 

Opcratin!J Temperature Range: -40° .. to +70° 
±2°C 

Operable Temperature Range: Not specified be-
yond operating temperature range 

Re8onance: Series 
Load Capacitance: Not applicable 
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Harmonic of Quartz Vibration: Fundamental 
Maximum Drive Level: 2 mw 
Maximum Pin-to-Pin Capacitance: 5 ±2.5 ,,.,,.f 
Maximum Effective Resonance Resistance: 3300 

ohms 

PERFORMANCE CHARACTERISTICS OF 
NORMAL CRYSTAL ELEMENT 

See characteristics of element C, paragraph 
1-115, figure 1-51. 

TYPES OF CIRCUITS USED IN 

Radio receiver i-f bandpass filters, capacitance
bridge 

MOUNTING DATA 

Crystal Holder: HC-6/U 
Method of Mounting Crystal: Wire-mounted in 

metal holder · 
Dimensions and Marking: See figure 2-47(B). All 

dimensions in inches. Unless otherwise specified, 
tolerances are ± 0.005 in. on decimals. 

LOGISTICAL DATA 

USAF Stock No.: 2100-
Status: Special application (Category 2) 
Date of Status: 19 November 1952 
Related Specifications, Standards, and Publica-

tions: See Appendix IV. 
Commercial Sources: See Appendix Ill. 
Remarks: None 
Equipment Used In: 
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figure 2-48. Scltematic diagram of typical oscillator designed for use witlt Crystal Unit CR.-45/U 

MILITARY STANDARD TEST DATA 

Authority: Military Specification MIL-C-3098B, 
approved 9 December 1955 

Requirements and Procedu1·es of Tests: See para
graphs 2-21 through 2-50. 

Reference Standard Test Set: Crystal Impedance 
Meter TS-537 /TSM 

Electrical Connection of Holder: 
Holder grounded 

Method of Measuring Frequency and Effective 
Resonance Resistance: A 
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Drive Adjustment Procedure: MS91482 (see para
graph 2-61 and MIL-C-3098B) 

Shock and Vibration Test: 
Permitted change in frequency: ±0.003% 
Permitted change in effective resonance resist

ance: ±15% 
Aging Test: 

Permitted change in frequency: ±0.001% 

Tensile Strength Test (Minimum Requirements): 
500 grams 
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Figure 2-49. Crystal Unit CR.-46/U 

FUNCTIONAL DESCRIPTION 

Metal-plated quartz plate, wire-mounted in a 
metal holder and designed to operate on the funda
mental frequency of the quartz plate. Used as a 
low-to-medium-frequency control element which 
must maintain good frequency stability in the ab
sence of oven control, even when exposed to wide 
variations of temperature. The crystal unit is in
tended for operation at parallel resonance. 

RATED OPERATING CHARACTERISTICS 

Frequency Range: 200 to 500 kc 
Nominal Frequency Tolerance: ±0.01 % at all 

temperatures within the operating range 
F1·equency Deviation with Temperature: Permis

sible within limits of nominal frequency toler
ance 

Operating Temperature Range: •-40° to +70° 
±2°C 

Operable Temperature Range: Not specified be-
yond operating temperature range 

Re::wnance: Parallel 
Load Capacitanc,i: 20 ±0.5 µ,µ.f 

Harmonic of Quartz Vibmtion: Fundamental 
Ma:1:imum Drive Level: 2 mw 
Maximum Pin-to-Pin Capacitance: Not specified 
Ma.i:imurn Effecth•e Resonance Resistance: 

Frrquency (kr) Resistance (ohms) 
200 to 2,19.999 6500 
2f>0 to 299.999 7000 
800 to a9H.999 ... 7500 
400 to 4,19.999... 10,000 
450 to 500 11,000 
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PERFORMANCE CHARACTERISTICS OF 
NORMAL CRYSTAL ELEMENT 

See characteristics of elements C and D, para
graphs 1-115, -116, figures 1-51, -52. 

TYPES OF CIRCUITS USED IN 

Miller, Pierce, multivibrator-type, modified 
transitron, two-stage-grounded-cathode 

MOUNTING DATA 

Crystal Holder: HC-6/U 
Method of Mounting Crystal: Wire-mounted in 

metal holder 
Dimensions and Marking: See figure 2-49 ( B). All 

dimensions in inches. Unless otherwise specified, 
tolerances are ±0.005 in. on decimals. 

WGISTICAL DATA 

USAF Stock No.: 2100-
Status: Special application ( Category 2) 
Date of Statu.-;: 19 Noveml;er 1952 
Rel,ated Specifications, Sta.ndards, and Publica

tions: See Appendix IV. 
Commercial Sources: See Appendix III. 
Remarks: Certain waivers from the specification 

are required by some manufacturers before 
going into production. 

Equipment Used In: 

MILITARY STANDARD 1'EST DATA 

Authority: Military Specification MIL-C-3098B, 
approved 9 December 1955 
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Figure 2-50. Scftematic diagram of typical oscillator designed for use witft Crystal Unit CR.-46/U 

Requirements and Procedures of Tests: See para
graphs 2-21 through 2-50. 

Reference Standard Test Set: Crystal Impedance 
Meter TS-537 /TSM 

Electrical Connection of Holder: 
Holder grounded 

Method of Mea.'furing Frequency and Effective 
Resonance Resistance: A 

Drive Adjustment Procedure: MS91482 (see para
graph 2-61 and :MIL-C-8098B) 

Shock and Vibration Test: 
Perniitted change in frequency: ±0.001 % 
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Permitted change in e/Jective resonance resist
ance: ±15% 

Aging Test: 
Permitted change in frequency: ±0.001 % 

Tensile Strength Test (Minimum Requirements): 
Frequency (kc) Grams 
200 to 249.999......... .................................. . ............ 700 
250 to 319.999.... ...... . . ........ . 500 
320 to 369.999... .......... ...................... ....... .. 400 
370 to 434.999.... . .. ······· ..... . . . .......... ... ... 300 
435 to 500 .. ....... .... .. . .......... ..•.. .. .... . . .. . .. ....... 250 
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figure 2-51. Cry•al Unit CR-47/U 

FUNCTIONAL DESCRIPTION 

Metal-plated quartz plate, wire-mounted in a 
metal holder and designed to operate on the funda
mental frequency of the quartz plate. Used as a 
low-to-medium-frequency control element where 
superior frequency stability is required. The crys
tal unit is intended to be mounted in a tempera
ture-controlled oven, and operated at parallel 
resonance. 

RATED OPERATING .CHARACTERISTICS 

Frequency Range: 200 to 500 kc 
Nominal Frequency Tolerance: ±0.002% at 75°C 
Frequency Deviation with Temperature: 

±0.0005% from frequency measured at 76°C 
permitted over range of 70° to 80°C 

Operating Temperature Range: 75° ±5°C 
Operable Temperature Range: -40° to +80° 

±2°C 
Resonance: Parallel 
Load Capacitance: 20 ±0.5 ,,_,,_f 
Harmonic of Quartz Vibration: Fundamental 
Maximum Drive Level: 2 mw 
Maximum Pin-to-Pin Capacitance: Not specified 
Maximum Effective Resonance Resistance: 

Frequency (kc) Resistance (okms) 
200 to 249.999................................ 6600 
250 to 299.999....................................... 7000 
300 to 399.999.................................... 7500 
400 to 449.999 .......................... -........ 10,000 
450 to 500 ... ........................................ 11,000 
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PERFORMANCE CHARACTERISTICS OF 
NORMAL CRYSTAL ELEMENT 

See characteristics of elements C and D, para
graphs 1-116, -116, figures 1-51, -52. 

TYPES OF CIRCUITS USED IN 

Pierce, modified transitron, multivibrator-type, 
Miller, two-stage-grounded-cathode 

MOUNTING DATA 

Crystal Holder: HC-6/U 
Method of Mounting Crystal: Wire-mounted in 

metal holder 
Dimensions and Marking: See figure 2-51(B). All 

dimensions in inches. Unless otherwise specified, 
tolerances are ±0.005 in. on decimals. 

LOGISTICAL DATA 

USAF Stock No.: 2100-
Status: Special application (Category 2) 
Date of Status: 19 November 1952 
Rel,ated Specifications, Standards, and Publiea

tions: See Appendix IV. 
Commercial Sources: See Appendix III. 
Remarks: 

Equipment Used ln: 

MILITARY STANDARD TEST DATA 

Authority: Military Specification MIL-C-8098B, 
approved 9 December 1955 
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Requirements and Procedures of Tests: See para
. graphs 2-21 through 2-50. 

Reference Standard Test Set: Crystal Impedance 
Meter TS-537 /TSM 

Electrical Connectun& of Hol,der: 
Holder grounded 

Method of Measuring Frequency and Effective 
Resonanee Resistar.ce: B 

I>rive Adjustment Procedure: MS91482 (see para
graph 2-61 and MIL-C-3098B) 

Shock and Vibratwn Test: 
Permitted change in frequency: ±0.0005% 
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Permitted change in effective resonance resist
ance: ±15% 

Aging Test: 
Permitted change in frequency: ±0.001 % 

TenBile Strength Test (Minimum Requirements): 
Frequency (kc) Grams 
200 to 249.999..................................................................... 700 
250 to 319.999................................................................ 500 
320 to 369.999................................. ............................. 400 
370 to 434.999.................................. .............................. 800 
435 to 500 .............................................................................. 250 
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Fl911re 2-53. Crylfa/ Unit CR-48/U 

FUNCTIONAL DESCRIPTION 

Metal-plated quartz plate, wire-mounted in a 
metal holder and designed to operate on the funda• 
mental frequency of the quartz plate. Used as a 
medium-frequency control element in circuits 
which must maintain slightly better.than-average 
frequency stability when exposed to extreme vari
ations of temperature. The crystal unit is intended 
for operation at parallel resonance. 

RATED OPERATING CHARACTERISTICS 

Frequency Range: 800 to 3000 kc 
Nominal Frequenc11 Tolerance: ±0,0075% at all 

temperatures within the operating range 
Frequency Deviation with Temperature: Permis

sible within limits of nominal frequency toler
ance 

Operating Temperature Range: -55° to +90°C 
±2°C 

Operable Temperature Range: Not specified be-
yond operating temperature range 

Resonance: Parallel 
Load Capacitance: 32 ±0.5 ,,.,,.f 
Hannonir of Quartz Vibration: Fundamental 
.Ma:dmum Dri1,e Leuel: 10 mw 
Maximum Pin-to-Pin Capacitance: 7.0 p.p.f 
Maximum E ff ectfoe Resonance. Resistance: 

Frequency (kc) Resistance (ohms) 
• 800 to 999.999 ................. ...... 1000 
1000 to 1,249.999. .......... . ..... 800 
1250 to i,499.999 ............................ 700 
1500 to 1,749.999 ........ ........ 600 
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Frequency (kc) Resistance (ohms) 
1750 to 1,999.999.............................. 550 
2000 to 2,249.999........................... 500 
2250 to 3000 ............... ........................ 320 

PERFORMANCE CHARACTERISTICS OF 
NORMAL CRYSTAL ELEMENT 

See characteristics of element A, paragraph 
1-112, figures 1-49, -115, -118. 

TYPES OF CIRCUITS USED IN 

Pierce, Mil1er, multivibrator-type 

MOUNTING DATA 

Crystal Holder: HC-6/U 
Method of Mounting Crystal: Wire-mounted in 

metal holder 
Dimensions and Marking: See figure 2-53(B). All 

dimensions in inches. Unless otherwise specified, 
tolerances are ±0.005 in. on decimals. 

LOGISTICAL DATA 

USAF Stock No.: 2100-
Status: Special application ( Category 2) 
Date of Status: 19 November 1952 
Related Specifications, Standards, and Publica

tions: See Appendix IV . 
Commercial Sources: See Appendix III. . 
Remarks: *For replacement only. For new appli

cations specify CR-18/U. 
Equipment Used ln: 
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Figure 2-54. Sdtematlc dlar,ram of typical osclflator designed for use witll Crystal Unit Clt--48/U 

MILITARY STANDARD TEST DATA 

Authority: Military Specification MIL-C--3098B, 
approved 9 December 1955 

Requirements and Procedures of Tests: See para
graphs 2-21 through 2-50. 

Reference Standard Test Set: Crystal Impedance 
Meter TS--330/TSM 

Electrical Connection of Holder: 
Holder grounded 

Method of Measuring Frequency and Effective 
Resonance Resistance: A 
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Drive Adjustment Procedure: MS90167 (see para
graph 2-60 and MIL-C-3098B) 

Shock and Vibration Test: 
Permitted change in frequency: 

±0;001 % for units below 2000 kc 
±0.0005% for units of 2000 kc and above 

Permitted change in effective resonance resist
ance: ±15% 

Aging Test: Not required 

Tensile Strength Test (Minimum Requirements): 
Not required 
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Figure 2-55. Crystal Unit CR.-4P/U 

FUNCTIONAL DESCRIPTION 

Spacer-mounted quartz.plate in a metal holder 
designed to operate on the fundamental frequency 
of the quartz plate. Used as a medium-frequency 
control element in circuits which must maintain 
slightly better-than-average frequency stability 
under exposure to extreme variations in tempera
ture. The crystal unit is intended for operation 
at parallel resonance. 

RATED OPERATING CHARACTERISTICS 

Frequency Range: 800 to 3000 kc 
Nominal Frequency Tolerance: ±0.0075% at all 

temperatures within operating range 
Frequency Deviation with Temperature: Permis

sible within limits of nominal frequency toler
ance 

Operating Temperature Range: -55° to +90°C 
±2°C 

Operable. Temperature Range: Not specified be-
yond operating temperature range 

Resonance: Parallel 
Load Capacitance: 32 ±0.5 fff 
Harmonic of Quartz Vibration: Fundamental 
Maximum Drive Level: 10 mw 
Maximum Pin-to-Pin Capacitance: Not specified 
Maximum Effective Resonance Resistance: 

Frequency (kc) Resistance (ohms) 
800 to 999.999.............................. 1000 

1000 to 1,249.999. ........................... 800 
1250 to 1,499.999............................. 700 
1500 to l,749.999.............................. 600 
1750 to l,999.999........................... 550 
2000 to 2,249.999........................ ... 500 
2250 to 3000.......................................... 320 
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PERFORMANCE CHARACTERISTICS OF 
NORMAL CRYSTAL ELEMENT 

See characteristics of element A, paragraph 
1-112, figures 1-49, -115, -118. 

TYPES OF CIRCUITS USED IN 

Pierce, Miller, multivibrator-type 

MOUNTING DATA 
Crystal Holder: HC-6/U 
Method of Mounting Crystal: Spacer-mounted in 

metal holder 
Dimensions and Marking: See figure 2-55(B). All 

dimensions in inches. Unless otherwise specified, 
tolerances are ±0.005 in. on decimals. 

LOGISTICAL DATA 

USAF Stock No.: 2100-
Status: Special application (Category 2) 
Date of Status: 14 January 1954 
Related Specifications, Standards, and Publica

tions: See Appendix IV. 
Commercial Sources: See Appendix III. 
Remarks: *For replacement only. For new appli

cations specify CR-18/U. 
Equipment Used In: 

MILITARY STANDARD TEST DATA 

Authority: Military Specification MIL-C..3098B, 
approved 9 December 1965 

Requirements and Procedures of Tests: See para
graphs 2-21 through 2-50. 

Reference Standard Test Set: Crystal Impedance 
Meter TS-330/TSM 
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figure 2-56. Schematic diagram of typical oscillator designed for Vie with Crystal Unit CR-49/U 

Electrical Connection of Hol,d,er: Holder grounded 
Method of Measuring Frequency and Effective 

Resonance Resistance: The crystal unit shall be 
subjected to a temperature run over the oper
ating temperature range specified at any con
venient rate of change not to exceed an average 
rate of 50°C per minute. Observations of fre
quency and effective resistance sha11 be made 
continuously, or intermittently at no greater 
than 2°c intervals. Values of frequency and 
effective resistance shaU not exceed the pre
scribed limits over the temperature range. 

Drive Adjustment Procedure: MS90167 (see para
graph 2-60 and MIL-C-3098B) 
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Shock and Vibration Test: 
Permitted change in frequency: 

±0.002% for units below 2000 kc 
±0.0005% for units of 2000 kc and above 

Permitted change in ejf ective resonance resist
ance: 

Permitted 
Resistance (okms) change(%) 
0 to 10.................................................................. 40 

10.1 to 50.................................................................. 80 
50.1 to 100............................................................... 25 
above 100................................................................. 20 

Aging Test: Not required 

Tensile Strength Test (Minimum Requirements): 
Not required 
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FUNCTION AL DESCRIPTION 

Metal-plated quartz plate, wire-mounted in a 
metal holder and designed to operate on the funda
mental frequency of the quartz plate. Used as a 
very-low-to-low-frequency control element which 
need meet only average requirements in frequency 
stability in the absence of oven control when ex
posed to wide variations in temperature. The 
crystal unit is intended for operation at series 
resonance. 

RATED OPERATING CHARACTERISTICS 

Frequency Range: 16 to 100 kc 
Nominal Frequency Tolerance: ±0.012% at all 

temperatures within the operating range 
Frequency Deviation with Temperature: Permis

sible within the limits of nominal frequency 
tolerance 

Operating Temperature Range: -40° to +70°C 
Operable Temperature Range: Not specified be-

yond operating temperature range 
Resonance: Series 
Load Capacitance: Not applicable 
Harmonic of Quartz Vibmtion: Fundamental 
Maximum Drive Level: 0.1 mw 
Maximum Pin-to-Pin Capacitance: 

Frequency (kc) Capacitance ( /J11-f) 

16 to 33.999 ..... (yFreiiu24 
(k ) 11.6) ±15% requency c 

34 to 63.999 ..... (v'F 33 
(k )-t- 1.6) ± 15% requency c 

WADC TR 56-156 490 

Frequency (kc) Resistance (ohms) 

( 
24 ) , 

54 to 100.00 ..... yFrequency (kc)+l.6 ±15$'o 

Maximum Effective Resonance Resistance: 
125,000 ohms 

PERFORMANCE CHARACTERISTICS OF 
NORMAL CRYSTAL ELEMENT 

See characteristics of element N, paragraph 
1-104, figures 1•36, -37, -38. 

TYPES OF CIRCUITS USED IN 

Two-stage-grounded-cathode, modified transi
tron 

MOUNTING DATA 

Crystal Holder: HC-13/U 
Method of Mounting Crystal: Wire•mounted in 

metal holder 
Dimensions and Marking: See figure 2-57(B). All 

dimensions in inches. Unless otherwise specified, 
tolerances are ±0.005 in. on decimals. 

LOGISTICAL D,ATA 

USAF Stock lvo.: 2100· 
Status: Special application (Category 2) 
Date of Status: 14 January 1954 
Related Specifications, Standards, and Publica

tions: See Appendix IV. 
Commercial Sources: See Appendix III. 
Remarks: The shunt.capacitance specification is 

controversial within the industry. 
Equipment Used In: Radio Set AN/ARN-27 (10 

crystals) 
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Figure 2-58. Schematic diagram of typical oscillator designed for use with Crystal Unit CR-50/U 

MILITARY STANDARD TEST DATA 

Authority: Military Specification MIL-C-3098B, 
approved 9 December 1955 

Requirements and Procedures of Tests: See para
graphs 2-21 through 2-50. 

Reference Standard Test Set: Crystal Impedance 
Meter TS-710/TSM 

Electrical Connection of Holder: Holder grounded 
Method of Measuring Frequency and Effective 

Resonance Resisto,nce: A 
Drive Adjustment Procedure: MS91446 (see para

graph 2-65 and M!L-C-3098B) 
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Shock and Vibmtion Test: 
Permitted change in frequency: ±0.001 % 
Permitted change in effective resonance resist

ance: ±15% 
Aging Test: 

Permitted change in frequency: ±0.001 % 

Tensile Strength Test ( Minimum Requirements): 

Frequency (kc) Grams 
16 to 59.999 800 
60 to 100 700 
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FUNCTIONAL DESCRIPTION 

Pressure-mounted quartz plate in metal holder 
designed to operate on the third mechanical har
monic of the fundamental frequency of the quartz 
plate. Used as a high- to very-high-frequency con
trol element in circuits which must maintain 
above-average frequency stability in the absence 
of oven control, even when exposed to wide varia
tions in temperature and to relatively high drive 
levels. The crystal unit is intended for operation 
at series resonance. 

RATED OPERATING CHARACTERISTICS 

Frequency Range: 10 to 61 me 
Nominal Frequency Tolerance: ±0.005% at all 

temperatures within the operating range 
Frequency Deviation witk Temperature: Permis

sible within limits of nominal frequency toler
ance 

Operating Temperature Range: -55° to +90°C 
±2°C 

Operable Temperature Range: Not specified be-
yond operating temperature range 

Re1wnance: Series 
l,oad Capacitance: Not applicable 
Harmonic of Quartz Vibration: Third mechanical 

harmonic 
Maximum Dri11e Le11el: 20 mw 
Maximum Pin-to-Pin Capacitance: 7.0 p,p.f 

Ma.1·im11m Effective Resonance Resistance: 

Freq1umcy (me) 
10 to 14.999 . 
15 to 61 . 
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Resistance (okms) 
60 
40 

492 

PERFORMANCE CHARACTERISTICS OF 
NORMAL CRYSTAL ELEMENT 

See characteristics of element A, paragraph 
1-112, figures 1-49, -112, -113, -115, -118. 

TYPES OF CIRCUI"8 USED IN 
Butler, transformer-coupled,capacitance-bridge, 

transitron, impedal'lce-inverted 

MOUNTING DATA 

Crystal Holder: HC-6/U 
Method of Mounting Crystal: Pressure-mounted 

in metal holder 
Dimensions and Marking: See figure 2-59(B). All 

dimensions in inches. Unless otherwise specified, 
tolerances are ±0.005 in. on decimals. 

LOGISTICAL DATA 

USAF Stock No.: 2100-
Status: Special application (Category 1) 
Date of Status: 14 January 1954 
Related Specifications, Standards, and Publica

tions: See Appendix IV. 
Commercial Sources: See Appendix III. 
Remarks: Difficult to manufacture and meet all 

specification requirements over entire upper 
and lower ranges. 

Equipment Used In: 

MILITARY STANDARD TEST DATA 

Authority: Military Specification MIL-C-3098B, 
approved 9 December 1955 

Requirements and Procedures of Tests: See para
graphs 2-21 through 2-50. 
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figure 2-60. Schematic diagram of typical osclllator dellgned for use wit#t Crystal Unit CR-51 /U 

Reference Standard Test Set: Crystal Impedance 
Meter TS-683/TSM 

Electrical Connection of Holder: Holder grounded 
Method of Measuring Frequency and Effective 

Resonance Resistance: A or B 
Drive Adjustment Procedure: MS90168 (see para

graph 2-62 and MIL-C-3098B), with the excep
tion of the following table of voltage and 
resistance : 

Frequency (me) Resistance (ohms) Volts 

10 to 14.999 60 1.1 
15 to 61 40 0.9 
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Shock and Vibration Test: 

Permitted change in frequency: ±0.002% 

Permitted change in effective resonance resist
ance: Shall not exceed the max effective 
resistance 

Aging Test: 

Permitted change in frequency: ±0.001 % 

Tensile Strength, Test (Minimum Requirements): 
Not required 
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Figure 2-61. Crystal Unit CR.-52/U 

FUNCTIONAL DESCRIPTION 

Metal-plated quartz plate, wire-mounted in a 
metal holder and designed to operate on the third 
mechanical harmonic of the fundamental fre
quency of the quartz plate. Used as a high- to very
high-frequency control element in circuits which 
must maintain above-average frequency stability 
in the absence of oven control, even when exposed 
to wide variations of temperature. The crystal 
unit is intended for operation at series resonance. 

RATED OPERATING CHARACTERISTICS 

Frequency Range: 10 to 61 me 
Nominal Frequency Tolerance: ±0.005% at all 

temperatures within the 09erating range 
Frequency Deviation with Temperature: Permis

sible within limits of nominal frequency toler
ance 

Operating Temperature Range: -55° to +90°C 
±2°C 

Operable Temperature Range: Not specified be-
yond operating temperature range 

Resonance: Series 
Load Capacitance: Not applicable 
Harmonic of Quartz Vibration: Third mechanical 

harmonic 
Maximum Drive Level: 

10 to 24.999999 me (4 rnw) 
25 to 61 me (2 mw) 

Maximum Pin-to-Pin Capacitance: 7.0 µpf 
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Maximum Efjective Resonance Resistance: 

Frequency (me) Resistance (ohms) 
10 to 14.999999................... ................ 60 
15 to 61 ...................................... ,........... 40 

PERFORMANCE CHARACTERISTICS OF 
NORMAL CRYSTAL ELEMENT 

See characteristics of element A, paragraph 
1-112, figures 1-49, -112, -113, -115, -118. 

TYPES OF CIRCUITS USED IN 

Butler, tr:ansformer-coupled, cap_!lcitance-bridge, 
transitron, impedance-inverted 

MOUNTING DATA 

Crystal Holder: HC-6/U 
Method of Mounting Crystal: Wire-mounted in 

metal holder 
Dimensions and Marking: See figure 2-61 (B). All 

dimensions in inches. Unless otherwise specified, 
tolerances are ±0.005 in. on decimals. 

LOGISTICAL DATA 

USAF Stock No.: 2100-
Status: Special application (Category 1) 
Date of Status: 14 January 1954 
Related Specifications, Standards, and Publica

tions: See Appendix IV. 
Commercial Sources: See Appendix III. 

·-
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Figure 2-62. Schematic diagram of typical oscillator designed for use with Crystal Unit CR-52/U 

Remarks: Difficult to manufacture and meet all 
specification requirements over entire upper 
and lower ranges. Same as CR-23/U except 
designed to operate on 3rd mode only. 

_Equipment Used In: 

MILITARY STANDARD TEST DATA 

Authority: Military Specification MIL-C-3098B, 
approved 9 December 1955 

Requfrements and Procedures of Tests: See para
graphs 2-21 through 2-50. 

Reference Standard Test Set: Crystal Impedance 
Meter TS-683/TSM 

Electrical Connection of Holder: Holder grounded 
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Method of Measuring Frequency and Effective 
Resonance Resistance: A 

Drive Adjustment Procedure: MS90168 (see para
graphs 2-62 and 2-64 per MIL-C-3098B) 

Shock and Vibration Test: 
Permitted change in frequency: ±0.005% 
Permitted change in effective resonance resist

ance: ±15% or 2 ohms, whichever is greater 
Aging Test: 

Permitted change in frequency: ±0.001 % 

Tensile Strength Test (Minimum Requirements): 
Not required 
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Figure 2-63. Crystal Unit CR-53/U 

FUNCTIONAL DESCRIPTION 

Pressure-mounted quartz plate in metal holder 
designed to operate on the fifth mechanical har
monic of the fundamental frequency of the quartz 
plate. Used as a very-high-frequency control ele
ment in circuits which must maintain above
average frequency stability in the absence of oven 
control, even when exposed to wide variations in 
temperature and to relatively high drive levels. 
The crystal unit is intended for operation at series 
resonance. 

RATED OPERATING CHARACTERISTICS 

Frequency Range: 50 to 87 me 
Nominal Frequency Tolerance: ±0.005% at all 

temperatures within operating range 
Frequency Devi,a,tion with Temperature: Permis

sible within limits of nominal frequency toler
ance 

Operating Temperature Range: -55° to +90°C 
±2°C 

Operable Temperature Range: Not specified be-
yond operating temperature range 

Resonance: Series 
Load Capacitance: Not applicable 
Harmonic of Quartz Vibration: Fifth mechanical 

harmonic 
Maximum Drive Level: 20 mw 
Maximum Pin-to-Pin Capa-eitance: 7.0 ,,.,,.f 
Maximum Effective Resonance Resistance: 60 

ohms 
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PERFORMANCE CHARACTERISTICS OF 
NORMAL CRYSTAL ELEMENT 

See characteristics of element A, paragraph 
1-112, figures 1-49,. -112, -113, -115, -118. 

TYPES OF CIRCUITS USED IN 

Butler, transformer-coupled, capacitance-bridge, 
transitron, impedance-inverted 

MOUNTING DATA 

Cryetal Hol,der: HC-6/U 
Method of Mounting Crystal: Pressure-mounted 

in metal holder 
Dimensions and Marking: See figure 2-63(B). AU 

dimensions in inches. Unless otherwise specified, 
tolerances are ±0.005 in. on decimals. 

LOGISTICAL DATA 

USAF Stock No.: 2100-
Status: Special appJication ( Category 1) 

Date of Status: 14 January 1954 
Rel,a,ted Specifications, Standards, and Publica

tions: See Appendix IV. 
Commercial Sources: See Appendix III. 
Remarks: Some manufacturers cannot produce 

this unit over the entire upper or lower ranges 
and meet all requirements of the specification. 

Equipment Used In: 

.. 
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MILITARY STANDARD TEST DATA 

Authority: Military Specification MIL-C-3098B, 
approved 9 December 1955 

Requirements and Procedures of Tests: See para
graphs 2-21 through 2-50. 

Reference Standard Test Set: Crystal Impedance 
Meter TS-683/TSM 

Electrical Connection of Holder: Holder grounded 
Method of Measuring Frequency and Effective 

Resonance Resistance: A or B 
Drive Adjustment Procedure: MS90168 (see para-
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graph 2-62 and MIL-C-3098B), with the excep
tion that the resistance shall be 60 ohms and volt
age shall be 1.1 volts. 
Shock and Vibration Test: 

Permitted change in frequency: ±0.002% 
Permitted change in effective resonance resist

ance: Shall not exceed the max effective 
resistance 

Aging Test: Not required 

Tensile Strength Test (Minimum Requirements): 
Not required 
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Figure 2-65. Crystal Unit CR-54/U 

FUNCTIONAL DESCRIPTION 

Metal-plated quartz plate, wire-mounted in a 
metal holder and designed to operate on the fifth 
mechanical harmonic of the fundamental fre
quency of the quartz plate. Used as a very-high
frequency control element in circuits which must 
maintain above-average frequency stability in the 
absence of oven control, even when exposed to• 
wide variations in temperature. The crystal unit 
is intended for operation at series resonance. 

RATED OPERATING CHARACTERISTICS 

Frequency Range: 50 to 87 me 
Nominal Frequency Tolerance: ±0.005% at all 

temperatures within the operating range 
Frequency Deviation with Temperature: Permis

sible within limits of nominal frequency toler
ance 

Operating Temperature Range: -55° to +90°C 
±2~c 

Operable Temperature Range: Not specified be-
yond operatin~ temperature range 

Rrs01w11r,•: Series 
lAmd Caparitanre: Not applicable 
Harmonic of Quartz Vibration: Fifth mechanical 

harmonic 
J1a:rimum Drirr l,evel: 2 mw 
M,i:r~mum Pin-to-Pin Capacitance: 7.0 ,,.,,_f 
Ma:rimum Bfjccfive Resonance Resistance: 60 

ohms 
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PERFORMANCE CHARACTERISTICS OF 
NORMAL CRYSTAL ELEMENT 

See characteristics of element A, paragraph 
1-112, figures 1-49, -112, -113, -115, -118. 

TYPES OF CIRCUITS USED IN 
Butler, transformer-coupled, capacitance-bridge, 

transitron, impedance-inverted 

MOUNTING DATA 
Crystal Holder: HC-6/U 
Method of Mounting Crystal: Wire-mounted in 

metal holder 
Dimensions and Marking: See figure 2-65(B). All 

dimensions in inches. Unless otherwise specified, 
tolerances are ±0.005 in. on decimals. 

LOGISTICAL DATA 
USAF Stock No.: 2100-
Status: Special application (Category 1) 
Date of Status: 14 January 1954 
Related Specifications, Standards, and Publica

tions: See Appendix IV. 
Commercial Sources: See Appendix III. 
Remarks: Some manufacturers cannot produce 

this unit over the entire upper or lower ranges 
and meet all requirements of the specification. 
Same as CR-23/U except designed to operate 
on 5th mode only. 

Equipment Used In: 

-
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MILITARY STANDARD TEST DATA 

Authority: Military Specification MIL-C-3098B, 
approved 9 December 1955 

Requirements and Procedures of Tests: See para
graphs 2-21 through 2-50. 

Reference Standard Test Set: Crystal Impedance 
Meter TS-683/TSM 

Electrical Connection of Holder: Holder grounded 
Method of Measuring Frequency and Effective 

Resonance ReBistance: A 
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Drive Adjustment Procedure: MS90168 (see para
graphs 2-62 and 2-64 per MIL-C-3098B) 

Shock and Vibration Test: 
Permitted change in frequency: ±0.0005% 
Permitted change in effective resonance resist

ance: ±15% or 2 ohms, whichever is greater 
Aging Test: 

Permitted change in frequency: ±0.001 % 

Tensile Strength Test (Minimum Requirements): 
Not required 
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FUNCTIONAL DESCRIPTION 

Metal-plated quartz plate, wire-mounted in a 
subminiature metal holder and designed to oper
ate on the third mechanical harmonic of the funda
mental frequency of the quartz plate. Used as a 
high- to very-high-frequency control element in 
transistor-cased or subminiature packaged cir
cuits which must maintain above-average fre
quency stability in the absence of oven control, 
even when exrvsed to extreme variations in tem
perature. The crystal unit is intended for opera
tion at series resonance. 

RATED OPERATING CHARACTERISTICS 

Frequency Range: 17 to 61 me 
Nominal Frequency Tolerance: ±0.005% at all 

temperatures within the operating range 
Frequency Deviation with Temperature: Permis

sible within Jimits of nominal frequency toler
ance 

Operating Temperature Range: -55° to +105°C 
Operable Temperature Range: Not specified be

yond operating temperature range 
Resonance; Series 
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Load Capacitance: Not applicable 
Harmonic of Quartz Vibration: Third mechanical 

harmonic 
Maximum Drive Level: 2 mw 
Maximum Pin-to-Pin Capacitance: 7.0 ,.,.f 
Maximum Effective Resonance Resistance: 40 

ohms 

PERFORMANCE CHARACTERISTICS OF 
NORMAL CRYSTAL ELEMENT 

See characteristics of element A, paragraph 
1-112, figures 1-49, -112, -113, -115, -118. 

TYJ>ES OF CI~CUITS USED IN 

Transistor, Butler, transformer-coupled, capaci
tance-bridge, transitron, impedance-inverted 

MOUNTING DATA 

Crystal Holder: HC-18/U 
Method of Mounting Crystal: Wire-mounted in 

metal holder 
Dimensions and Marking: See figure 2-67(B). All 

dimensions in inches. Unless otherwise specified, 
tolerances are ±0.005 in. on decimals. 

• 
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Figure 2-68. Schematic diagram of typical oscillator designed for use with Crystal Unit CR-55/U 

LOGISTICAL DATA 
USAF Stock No.: 2100-
Status: Standard (Category 1) 
Date of S-tatus: 9 December 1955 
Rel,ated Specifi,;atiom, Standards, and Publica-

tiOM: See Appendix IV. 
Commercial Sources: See Appendix III. 
Remarks: None 
Equipment Used In: 

MILITARY STANDARD TEST DATA 
Authority: Military Specification MIL-C-3098B, 

approved 9 December 1955 
Requirements and Procedures of Tests: See para

graphs 2-21 through 2-50. 
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Reference Standard Test Set: Crystal Impedance 
Meter TS-683/TSM 

Electrical Connection of Holder: Holder grounded 
Method of Measuring Frequency and Effective 

Resonance Resistance: A 
Drive Adjustment Procedure: MS90168 (see para

graphs 2-62 and 2-64 per MIL-C-3098B) 
Shock and Vibration Test: 

Permitted change in frequency: ±0.0005% 
Permitted change in ejf ective resonance resist

ance: ±15% or 2 ohms, whichever is greater 
Aging Test: Not required 

Tensile Strength Test (Minimum Requirements): 
Not required 
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figure 2-69. Crystal Unit Cl-56/U 

FUNCTIONAL DESCRIPTION 
Metal-plated quartz plate, wire-mounted in a 

subminiature metal holder and designed to oper
ate on the fifth harmonic of the fundamental fre
quency of the quartz plate. Used as a very-high
frequency control element in subminiature circuit 
applications which must maintain above-average 
frequency stability in the absence of oven control, 
even when exposed to extreme variations in tem
perature. The crystal unit is intended for opera
tion at series resonance. 

RATED OPERATING CHARACTERISTICS 
Frequency Range: 50 to 87 me (Experimental 

Crystal Unit CR-56/U(XN-1) extends the fre
quency range to 121.5 me) 

Nominal Frequency Toleranr.e: ±0.005% at all 
temperatures within the operating range 

Frequency Deviation with Temperature: 
Opera.ting Temperature Range: -55° to + 105"C 
Owrable Tempera.ture Range: Not specified be-

yond operating temperature range 
Resonance: Series 
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Load Capacitance: Not applicable 
Harmonic of Quartz Vibration: Fifth harmonic 

mode 
Mazimum Drive Level: 2 mw 
Maximum Pin-to-Pin Capacitance: 7.0 µ,pi 
Maximum Effective Resonance Resistance: 60 

ohms 

PERFORMANCE CHARACTERISTICS OF 
NORMAL CRYSTAL ELEMENT 

See characteristics of element A, paragraph 
1-112, figures 1-49, -112, -113, -115, -118 

TYPES OF CIRCUITS USED IN 
Butler, transformer - coupled, capacitance

bridge, transitron, impedance-inverted 

MOUNTING DATA 
Crystal Holder: HC-18/U 
Method of Mounting Crystal: Wire-mounted in 

metal holder 
Dimensions and Marking: See figure 2-69 (B). All 

dimensions in inches. Unless otherwise speci
fied, tolerances are ±0.005 in. on decimals. 
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Figure 2-70. Scltemafic diagram of typical oscillator designed for use with Crystal Unit CR-56/U 

LOGISTICAL DATA 

USAF Stock No.: 2100-

Status: Standard ( Category 1) 

Date of Status: 9 December 1955 

Rel.ated Specifications, Standards, and Publica-
tions: See Appendix IV 

Commercial Sources: See Appendix III 

Remarks: 

Equipment Used In: 

MILITARY STANDARD TEST DATA 

Authority: MIL-C-3098B (Date 9 Dec 1955) 
Requirements and Procedures of Tests: See para

graphs 2-21 through 2-50. 
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Reference Standard Test Set: Crystal Impedance 
Meter TS-683/TSM 

Electrical Connection ol Holder: Holder grounded 
Method of Measuring Frequency and Effective 

Resonance Resistance: 
Drive Adjustment Procedure: MS90168 (see para

graphs 2-62 and 2-64 per MIL-C-3098B) 
Shock and Vibration Test: 

Permitted change in frequency: ±0.0005% 
Permitted change in effective resonance resist

ance: ± 15% or ohms, whichever is greater 
Aging Test: 

Permitted change in frequency: ±0.001 % 

Tensile Strength Test (Minimum Requirements): 
Not required 
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Figure 2-71. Crystal Unil Clt.-57 /U 

FUNCTIONAL DESCRIPl'ION 
Metal-plated quartz plate, wire-mounted in a 

metal holder and designed to operate on the fun
damental frequency of the quartz plate. Used as a 
500-kc control element in circuits where maximum 
frequency stability is required. The crystal unit is 
intended to be mounted in a temperature-controlled 
oven and operated at parallel resonance. 

RATED OPERATING CHARACTERISTICS 
Frequency Range: 500 kc 
Nominal Frequency Tolerance: ±0.001 % at 85°C, 

±1°C 
Frequency Deviation with Temperature: 

±0.0003% from the measured frequency at 
85°C permitted over range of 80°C to 90°C 

Operating Temperature Range: 85° ±5°C 
Operable Temperature Range: -55° to +20° 

±2°C, but not necessarily within tolerance on 
nominal frequency. 0.005% tolerance required 
from +20° to +80°C 

Resonance: Parallel 
Load Capacitance: 32.0 ±0.5 µ,p.f 

Ha1·rnoni,c of Quartz Vibration: Fundamental 
Maximum Dri1•e Level: 0.5 mw 
Maximum Pin-to-Pin Capacitance: 7.0 µ,µ,f 
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Mtui.mum Effective Resonance Resistance: 
Frequ,en,c'J/ (kc) Reai.8tance (ohms) 

500 3000 

PERFORMANCE CHARACTERISTICS OF 
NORMAL CRYSTAL ELEMENT 

See characteristics of element C, paragraph 
1-115, figure 1-51 

TYPES OF cmcUITS USED IN 
Pierce, Miller 

MOUNTING DATA 
Crystal Hol.der: HC-6/U 
Method of Mounting Crystal: Wire-mounted in 

metal holder 
Dimensions and Marking: See figure 2-71 (B). All 

dimensions in inches. Unless otherwise speci
fied, tolerances are ±0.005 in. on decimals. 

LOGISTICAL DATA 
USAF Stock No.: 2100-
Status: Special Application (Category 1) 

Date of Status: 5 March 1956 

Rel,ated Specifications, Standards, and Publica
tions: See Appendix IV 

• 
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Figure 2•72. Schematic diagram of typical oscillator designed for use with Crystal Unil CR.-57 /U 

Commercial Sourct.s: See Appendix III 
Remarks: 
Equi'J)ment Used I•: R.F. Oscillator 0-197/U, p/o 

Radio Set AN/ ARC-21 

MILITARY STANDARD TEST DATA 
Authority: Military Specification MIL-C-25538 

(USAF) 
Requirements and Procedures of Tests: See para

graphs 2-21 through 2-50 

Reference Standard Test Set: Crystal Impedance 
Meter TS-710/TSM 

Electrical Connection of Hol,der: Holder grounded 

Method of Measuring Frequency and Effective 
Resmiance Resistance: B 

Drive Adjustment Procedure: MS91446(see para
graph 2-65 and MIL-C-3098B) 

Shock and Vibration Test: 
Permitted change in frequency: ±0.0005% 
Permitted change in effective resmiance resist
ance: ±16% or 2 ohms 

Agi'll,fJ Test: 
Permitted change in frequency: ±0.0006% 

Tensile Strength Test (Minimum Requirements): 
Not required 
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Figure 2-73. Crystal Unit Cl-58/U 

FUNCTIONAL DESCRIPTION 
Metal-plated quartz plate, wire-mounted in a 

metal holder and designed to operate on the funda
mental frequency of the quartz plate. Used as a 
medium-to-high-frequency control element in cir
cuits which must maintain above-average fre
quency stability in the absence of oven control, 
even when exposed to wide variations of tempera
ture. The crystal unit is intended for operation 
at parallel resonance. 

RATED OPERATING CHARACTERISTICS 
Frequency Range: 800 to 20,000 ke 
Nominal Frequency Tolerance: ±0.005% at an 

tempe.ratures within operating range 
Frequency Deviation with Temperature: Permis

sible within limits of nominal frequency toler
ance 

Operating Temperature Range: -55° to +90°C 
±2°C 

Operable Temperature Range: Not specified be-
yond operating temperature range 

Resonnnce: Parallel 
Load Capacitance: 32 ±0.5 mmf 
Harmonic of Quartz Vibration: Fundam~ntal 
Maximum Drive Level: 

800 to 9,999.999 kc-10 mw 
10,000 to 20,000 kc-5 mw 

WADC TR 56-156 506 

Maximum Pin-to-Pin Capacitance: 7.0 mmf 
Maximum Effective Resonance Resistance: 

Frequency (kc) Resistance (ohms) 
800 to 999.999........................ 1000 

1000 to 1,249.999........................ 800 
1250 to 1,499.999....................... 700 
1500 to l,749.999........................ 600 
1750 to l,999.999........................ 550 
2000 to 2,249.999........................ 320 
3000 to 3,749.999........................ 175 
3750 to 4,749.999 ....... _.............. 120 
4750 to 5,999.999........................ 75 
6000 to 7,499.999 .......... ____ 50 
7500 to 9,999.999........................ 35 

10,000 to 20,000 ---- 25 

PERFORMANCE CHARACTERISTICS OF 
NORMAL CRYSTAL ELEMENT 

See characteristics of element A, paragraph 
1-112, figures 1-49, -112, -113, -115, -118 

TYPES OF CIRCUITS USED IN 
Pierce, Miller, multivibrator-type 

MOUNTING DATA 

Crystal Holder: HG-17/U 
Method of Mounting Crystal: Wire-mounted in 

metal holder. 

-
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figure 2-74. Schematic diagram of typical oaclllotor dealgnecf for UH witlt Crystal Unit Cl-58/U 

Dimensions and Marking: See figure 2-73. All 
dimensions in inches. Unless otherwise speci
fied, tolerances are ±0.005 in. on decimals. 

LOGISTICAL DATA 
USAF Stock No.: 2100-
Status: Special Appiication (Category 2) 
Date of Status: 15 December 1955 
Related Specifications, Standards, and Publica-

tions: See Appendix IV 
Commercial Sources: See Appendix III 
Remarks: Identical to CR-18/U except uses Holder 

HC-17 /U (with larger pins) instead of HC-6/U. 
Equipment Used In: 

MILITARY STANDARD TEST DATA 
Authority: Military Specification MIL-C-25498 

(USAF) 
Requirements and Procedures of Tests: See para

graphs 2-21 through 2-50 
Reference Standard Test Set: 

Crystal Impedance Meter TS-330/TSM-800 to 
14,999.999 kc 
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Crystal Impedance Meter TS-683/TSM-15,000 
to20,000 kc 

Electrical Connection of Holder: 
Holder grounded 

Method of Measuring Frequency and Effective 
ResQ11,a,nce Resistance: A 

Drive Adj'U8tment Procedure: 
800 to 14,999.999 kc: MS90167 (see paragraph 

2-60 and MIL-C-3098B) 
15,000 to 20,000 kc: MS90168 (see paragraph 

2-62 and MIL-C-3098B) 

Shock and Vibration Test: 
Permitted change in frequency: 

±0.001 % for units below 2000 kc 
±0.0005% for units of 2000 kc and above 

Permitted change in resonance ( effective) re
sistance: Wire-mounted--±15% or 2 ohms, 
whichever is greater. 

Aging Test: Not required 

Tensile Strength Test (Minimum Requirements): 
Not required 
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CRYSTAL UNIT CR-59 /U 

NOMINAL 
FREQUENCY 
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,igun, 2-75. Crystal Unit CR-59/U 

FUNCTIONAL DESCRIPI'ION 

Metal-plated quartz plate, mounted in a metal 
holder and designed to operate at series resonance 
on the fifth harmonic of the fundamental fre
quency of the quartz plate. The crystal is intended 
to be mounted in a temperature-controlJed oven. 

RATED OPERATING CHARACTERISTICS 

Frequen,cy Range: 50.0 to 91.0 me 
Nominal Frequency ToleraftCe: ±0.002% at 

+85°C ±5°C 
Frequency Deviation with Temperature: 

±0.0005% from frequency measured at 86°C 
permitted over range of 80°C to 90°C 

Operating Temperature Range: 85°C ±5°C 
Operable Temperature Range: -55° to +90°C 
Resonance: Series 
Load Capacitance: Not applicable 
Harmonic of Quartz Vibration: Fifth harmonic 

mode 

Maximum Drive Level: 1.0 mw 
Maximum Pin-to-Pin CapacitaMe: 1 p.p.f 
Maximum Effective Resonance Resi8tance: 60 

ohms 

WADC Tl 56-156 508 

PERFORMANCE CHARACTERISTICS OF 
NORMAL CRYSTAL ELEMENT 

See characteristics of element A, paragraph 
1-112, figures 1-49, -112, -113,-115, -118 

TYPES OF cmcUITS USED IN 
Butler, transformer - coupled, capacitance

bridge, transitron, impedance-inverted 

MOUNTING DATA 
Crystal Hol,d_er: HC-18/U 
Method of Mounting Crystal: Wire-mounted in 

metal holder 
Dimensions and Marking: See figure 2-75. All di

mensions in inches. Unless otherwise specified, 
tolerances are ±0.005 in. on decimals. 

LOGISTICAL DATA 
USAF Stock No.: 2100-
Status: Special Application (Category 1) 

Date of Status: 
Related Speci/i,oations, Standards, and Publica-

tions: See Appendix IV 
Commercial Sources: See Appendix III 
Remarks: 
Equipment Used In: 
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MILITARY STANDARD TEST DATA 

Authority: Military Specification MIL-C-25709 
(USAF) 

Requirements a.nd Procedures of Tuts: See para
graphs 2-21 through 2-50 

Reference Standard Test Set: Crystal Impedan~ 
Meter~/TSM 

Electrical Connection of Bouler: Holder grounded 

Method, of Mea811,rift1J Fre((U(Jtl,C1/ a.nd Effective 
RUMUJ,ft,Ce Reaista:Me: B 
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Drive AdjUBtment Procedure: MS90168 (see para
graph 2-62 and MIL-C..S098B) 

Shock and Vibration Test: 
Permitted ckalnge in fre((U(Jtl,C1/: ±0.0005% 
Permitted ckaJnge i• effective resonance reaiat

ance: ±16% 
Aging Test: 

Permitted chaft1Je in fre((U(Jtl,C1/: ±0.001 % 

Tensile Strength Test (Minimum Requirement.): 
Not required 
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CRYSTAL UNIT CR-60/U 

NOMINAL 
FREQUENCY 
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Figure 2-77. Crystal Unit Clt-60/U 

FUNCTIONAL DESCRIPTION 
Metal-plated quartz plate, wire-mounted in a 

metal holder and designed to operate on the fun
damental frequency of the quartz plate. Used as 
a medium-to-high-frequency control element in 
circuits which must maintain above average fre
quency stability in the absence of oven control, 
even when exposed to wide variation of tempera
ture. The crystal unit is intended for operation 
at series resonance. 

RATED OPERATING CHARACTERISTICS 

Frrquenry Range: 7.0 to 20.0 me 
Nominal Frequency Tolerance: ±0.005% at all 

temperatures within the operating range 
Frcqne,u·y Deviation with Tem:pe·rature: Permis

sibl<' within limits of nominal frequency toler
ance 

Opera.tinr, Temperature Range: -55" to +105"C 
Resonanrr: Series 
Load Capa<"itanre: Not applicable 
Harrnonic ol Quartz Vibration: Fundamental 
1Ua:rim1tm Dri-11c Le·l'cl: 

7.0 to 9.999999 me (10 mw) 
10.0 to 20.0 me (5 mw) 

lfa.rim-u·m Pin-to-Pin Capacitance: 7 wJ 
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Maximum Effective Resonance Resistance: 
Frequency (me) Resistance (ohms) 

7.0 to 9.999 80 
10.0 to 20.000 25 

PERFORMANCE CHARACTERISTICS OF 
NORMAL CR¥STAL ELEMENT 

See characteristics of element A, paragraph 
1-112, figures 1-49, -112, -113, -115, -118 

TYPES OF CIRCUITS USED IN 
Butler, transformer-coupled, transitron, modi

fied colpitts 

MOUNTING DATA 
Crystal Holder: HC-18/U 
Method of Mounting Crystal: Wire-mounted in 

metal holder. 
Dimensions and Marking: See figure 2-77. All di

mensions in inches. Unless otherwise specified, 
tolerances are ±0.005 in. on decimals. 

WGISTICAL DATA 
USAF Stock No.: 2100-
Status: Special application (Category 1) 

Date of Status: 
Related Specifications, Standards, and Publica-

tions: See Appendix IV 
Commercial Sources: See Appendix III 
Remarks: Similar to CR-19/U except frequency 

range and size of holder. 
Equipment Used In: 
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Figure 2-78. Schematic diagram of typical oscillator designed for use with Crysta/ Unit CR-60/U 

MILITARY STANDARD TEST DATA 
Authority: Military Specification MIL-C-25710 

(USAF) 
Requirements and Procedures of Tests: See para

graphs 2-21 through 2-50 

Reference Standard Test Set: 

Frequency (me) 
7.0 to 9.999 

10.0 to 20.0 

Test Set 
TS-330/TSM 
TS-683/TSM 

Ele'ctrical Connection of Holder: Holder grounded 

Method of Measuring Frequency and Effective 
Resonance ResiBtance: A 
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Drive Adjustment Procedure: 

7.0 to 9.999 me: MS90167 (see paragraph 2-60 
and MIL-C-3098B) 

10.0 to 20.0 me: MS90168 (see paragraph 2-62 
and MIL-C-3098B) 

Shock and Vibration Test: 
Permitted change in frequency: ±0.0005~ 
Permitted change in ejJootive resonance resist

ance: ±15% 
Aging Test: Not specified 

Tensile Strength Test (Minimum Requirement.<1): 
Not required 
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CRYSTAL UNIT CR-61 /U 

NOMINAL 
FREQUENCY 
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Figure 2-79. Crystal Unit Cl-61/U 

FUNCTIONAL DESCRIPTION 

A metal-plated, quartz plate mounted in a metal 
holder and designed to operat"= at series resonance 
on the third mechanical overtone of the funda
mental frequency of the quartz plate. The crystal 
unit is intended to be operated at a controlled 
temperature. 

RATED OPERATING CHARACTERISTICS 

Frequency Range: 17.0 to 61.0 me 
Nominal Frequency Tolerance: ±0.002% at 85°C 

Frequency Deviation with Temperature: 
±0.0005% from frequency measured at 85°C 
permitted over range of 80° to 90°C 

Operating Temperature Range: 85°C ±5°C 

Operable Temperature Range: -55° to +90°C 

Resonance: Series 
Load Capacitance: Not applicable 

Harmonic of Quartz Vibration: Third harmonic 
mode 

Maximum Drive Level: 
17.0 to 24.999 me (2mw) 
25.0 to 61.0 me (lmw) 

Maximum Pin-to-Pin Capacitance: 7 ,.,_,,.f 
Maximum Effective Resonance Resistance: 40 

ohms 
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PERFORMANCE CHARACTERISTICS OF 
NORMAL CRYSTAL ELEMENT 

See characteristics of element A. paragraph 
1-112, figures 1-49, -112, -113, -115, -118 

TYPES OF CIRCUITS USED IN 
Transistor, Butler, transformer-coupled, ca

pacitance-bridge, transitron, impedance-inverted 

MOUNTING DATA 
Crystai Holder: HC-18/U 
Method of Mounting Crystal: Wire-mounted in 

metal holder 
Dimensions and Marking: See figure 2-79. All di

mensions in inches. Unless otherwise specified, . 
tolerances are ±0.005 in. on decimals. 

LOGISTICAL DATA 
USAF Stock No.: 2100-
Status: Special application (Category 1) 
Date of Status: 13 March 1956 
Related Specifications, Standards, and Publica,.. 

tions: See Appendix IV 
Commercial Sources: See Appendix III 
Remarks: 
Equipment Used In: 
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Figure 2-80. Schematic diagram of typical oscillator designed for use with Crystal Unit CR-61/U 

MILITARY STANDARD TEST DATA 
Authority: Military Specification MIL-C-19374 

(SHIPS), approved 13 March 1956 
Requirements and Procedures of Tests: See para

graphs 2-21 to 2-50 
Reference Sta-ndard Tes{ Set: Crystal Impedance 

Meter TS-683/TSM 
Electrical Connootion of Holder: Holder grounded 
Method of Measuring Frequency and Effective 

Resonance Resistance: B 
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Drive Adjustment Procedure: MS90168 (see para
graph 2-62 and MIL-C-3098B) 

Shock and Vibration Test: 
Permitted change in frequency: ±0.0005% 
Permitted change in effective resonance reBist

ance: ±15% 

Aging Test: 
Permitted change in frequency: ±0.001 % 

Tensile Strength Test: Not required 
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CRYSTAL UNIT CR• /U 
(For adde•daJ 

figure 2-81. Crystal Unit CR- /U 

FUNCTION AL DESCRIPTION 

RATED OPERATING CHARACTERISTICS 

Frequency Range: 

N orninal Frequency Toli!rance: 

Frequency Deviation with Temperature: 

Operating Temperature Range: 

Operable Ternperatur·e Range: 

Resonance: 

Loa,d Capacitance: 

Harmonic of Quartz Vibration: 

Ma.rimum Drive Level: 

Ma.rimum Pin-to-Pin Capacitance: 

Maximum Effective Resonance Resistance: 

WADC TR 56- 156 514 

Frequency (kc) Resistance (ohms) 

PERFORMANCE CHARACTERISTICS OF 
NORMAL CRYSTAL ELEMENT 

See characteristics of element , paragraph 
1- , figure 1-

TYPES OF CIRCUITS USED IN 

MOUNTING DATA 

Crystal Holder: 

Method of Mounting Crystal: 

Dimensions and Marking: See figure 2- (B). All 
dimensions in inches. Unless otherwise specified, 
tolerances are ±0.005 in. on decimals. 
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figure 2-82. Schematic diagram of typical oscillator designed for use with Crystal Unit CR- /U 

WGISTICAL DATA 

USAF Stock No.: 2100-

Status: 

Date of Status: 

Rewted Specifications, Standards, and Publica-
tions: See Appendix IV. 

Commercial Sources: See Appendix III. 

Remarks: 

Equipment Used In: 

WADC TR 56-156 515 

MILITARY STANDARD TEST DATA 

Authority: 

Requirements and Procedure11 of Tests: See para-
graphs through 

Reference Standard Test Set: Crystal Impedance 
Meter 

Electrical Connection of Holder: 

Method of Mea.'!uring Frequency and Effective 
Resonance Re,'!istance: 

Drive Adjustment Procedure: 

Shock and Vibration Test: 
Permitted channe in freque,ncy: 

Permitted change in effective resonance resist
ance: 

Aging Test: 
Permitted change in fre11uenc11: 

Tensile Strength Test (Minimum Requirements): 

Frequency (kc) Grams 
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CRYSTAL UNIT CR- /U 
(For od.d.enda) 

. fis,vre 2-83. Crystal Unit CR- /U 

FUNCTIONAL DESCRIPTION 

RATED OPERATING CHARACTERISTICS 

Frequency Range: 

Nominal Frequency Tolerance: 

Frequency Deviation with Temperature: 

Operating Temperature Range: 

Operable Temperature Range: 

Resonance: 

Load Capacitance: 

Harmonic of Quartz Vibration: 

Maximum Drive Level: 

Maximurn Pin-to-Pin Capacitance: 

WADC TR S6-156 516 

Maximum Effective Resonance Resistance: 
Frequency (kc) Resistance (ohms) 

PERFORMANCE CHARACTERISTICS OF 
NORMAL CRYSTAL ELEMENT 

See characteristics of element , paragraph 
1- , figure 1-

TYPES OF CIRCUITS USED IN 

MOUNTING DATA 

Crystal Holder: 
Method of Mounting Crystal: 
Dimensions and Marking: See figure 2- (B). All 

dimensions in inches. Unless otherwise specified, 
tolerances are ±0.005 in. on decimals. 
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figure 2-84. Schematic diagram of typical oscillator designed for use with Crystal Unit CR- /U 

WGISTICAL DATA 
USAF Stock No.: 2100-

Status: 

Date of Status: 

Related Specifications, Standards, and Publica-
tions: See Appendix IV. 

Commercial Sources: See Appendix III. 

Remarks: 

Equipment Used In: 

WADC TR 56-156 517 

MILITARY STANDARD TEST DATA 

Authority: 

Requirements and Procedures of Tests: See para-
graphs through 

Reference Standard Test Set: Crystal Impedance 
Meter 

Electrical Connection of Holder: 

Method of Measuring Frequency and Effective 
Resonance Resistance: 

Drive Adjustment Procedure: 

Shock and Vibration Test: 
Permitted change in frequency: 

Permitted change in effective resonance resist
ance: 

Aging Test: 
Permitted change in frequency: 

Tensile Strength Test (Minimum Requirements): 
Frequency (kc) Grams 
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CRYSTAL UNIT Cl• /U 
(/ior addend.a) 

Figure 2-85, Crystal Unit CR- /U 

FUNCTIONAL DESCRIPTION 

RATED OPERATING CHARACTERISTICS 

Frequency Range: 

Nominal Frequency Tolerance: 

Frequ('l1cy De11iation with Temperature: 

Ope mt ing Temperature Range: 

OptiJ·able Temperature Range: 

Resonanf't:: 

Load Capacitance: 

Han11onfr of Qua,·tz Vibration: 

Ma.1:im11m Drive Level: 

Maximum Pin-to-Pin Capacitance: 
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Maximum Effective Resonance Resistance: 

Frequency (kc) Resistance ( okms) 

PERFORMANCE CHARACTERISTICS OF 
NORMAL CRYSTAL ELEMENT 

See characteristics of element , paragraph 
1- , figure I-

TYPES OF CIRCUITS USED IN 

MOUNTING DATA 

Crystal Holder: 
Method of Mounting Crystal: 
Dimensions and Marking: See figure 2- ( B) . All 

dimensions in inches. Unless otherwise specified, 
tolerances are ±0.005 in. on decimals. 
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Figure 2-86. Schematic diagram of typicor oscillator designed for use with Crystal Unit CR- /U 

LOGISTICAL DATA 

USAF Stock No.: 2100-

Status: 

Date of Status: 

Related Specifications, Standards, and Publica-
tions: See Appendix IV. 

Commercial Sources: See Appendix III. 

Remarks: 

Equipment l1 sed In: 
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MILITARY ST AND ARD TEST DAT A 

Authority: 

Requirements and Procedures of Tests: See para-
graphs through 

Reference Standard Test Set: Crystal Impedance 
Meter 

Electrical Connection of Hol4er: 

Method of Measuring Frequency and Effective 
Resonance Resistance: 

Drive Adju.'ltmcnt Procedure: 

Shock and Vibration Test: 
Permitted change in frequency: 

Permitted change in effective resonance re:,'ist
ance: 

Aging Test: 
Permitted change in frequency: 

Tensile Strength Test (Minimum Requirements): 

Frequency (kc) Grams 
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GROUP 11 

CRYSTAL UNITS CURRENTLY IN MILITARY SERVICE BUT NOT RECOMMENDED 

FOR USE IN E9UIPMENTS OF NEW DESIGN 

USAF Stock 
Number 
1100..a 

2x4-

2x5-

2x7-

2x8-

2x10-

2xll-

2x12-

2x13-

2x14-

2x16-5000 

2xl6-80.86 

2x17-

2x17-

2x18-

2x20-

2x28-

2x24-163.94 

2x25-455 

" 

The crystal units included in Group II are those currently being u.<Jed by 
the United States Air Force, but which are not preferred for u..~e in equip
ments of new design. Where available, data sheets are included giving the 
quality control test specifications of the individual units. For illustrations 
of the principal holders, see Crystal Holders-G.roup 11 in Section III. 

TECHNICAL DATA CHART FOR GROUP-II CRYSTAL UNITS 

Cr11stal Crustal Nomenclature Equipment Used In Holder Spec 

Crystal Unit CR-lA/ AR CR-IA/AR AN/ARC-7, AN/ARM-1, MIL-C-16B 
BC-517, BC-624, BC-625, 
BC-640, BC-1158, 
R-77/ARC-3, 
R-89 ( )/ARN-6A, 
R-160A/CRW-7 

Crystal Unit FT-249 

Crystal Unit CR-6B/U FT-243 R-19/TRC-l MIL-C-10406 

RCA MI-8412 MI-8412 RCA Model AVT-16, MIL-C-10406 
RCA Model AVT-112 

Crystal Unit FT-248 BC-746; SCR-611 

Crystal Unit FT-248 BC-746; SCR-511 

Crystal Unit FT-171-B BC-610; SCR-299, 899, 499, MIL-C-10406 
699 

Crystal Unit CR-4B/U FT-241-A AN/TRC-1,-3, -4 

Crystal Unit FT-243 

Crystal Unit CR-10B/U FT-248 R-48/TRC-8, 1-222-A 

Valpey Crystal Part XLST AN/ APS-15 Rec. 

Crystal Unit (1st Osc) FT-171B FM-1498-1506 (Link) MIL-C-10406 

Crystal Unit (2nd Osc) FT-248 FM-1498-1606 (Link) MIL-C-104O6 

Crystal Unit FT-171-B/ Link Xmtr 1498 MIL-C-10405 
FT-243 

Crystal Unit AVA-10 or 601 RCA Model AVT-16, MIL-C-10405 
RCA Model AVT-112 

Crystal Unit (Collins lC) Collins 32-RA MIL-C-10406 

Crystal Units (Bliley MC- I-223-A 
72) (James Knights F) 

Crystal Unit (Bliley CF-6) SX-28, R-46/ ARR-7 
( Hallicrafters 19A 128) 
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Holder 
Spec 

MIL-C-16B 

171-148B 

72-119 

72-119 

72-119 

72-119 

72-119 

72-119 

72-119 

72-119 

72-119 

I 



Freq Freq Operating 
Range Tolerance Temperature 
(me) (-:z:%) Range (•CJ 

2.0-15.0 0.02 -55· to +9o· 

2.0-10.0 0.02 -40• to +70• 

2.0--5.8 0.015 o• to +10· 

8.0-6.0 

3.465 
6.455 

2.0-6.0 0.02 o• to +70° 

70.0-99.9 0.02 -40· to +70° 

2.88--U 

5.0 250 cps -40° to +10· 

0.08086 

6.26-10.5 0.02 o· to +10· 

6.456 0.02 o· to +10· 

2.187-2.125 0.02 o· to +10· 

1,716-7.5 0.015 o· to +10• 

1.6-3.76 0.016 o· to +so• 

0.16394 

0.465 
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PhyBical Dimensions (In.) 
Base or Terminal Connections -----~., -----·· ,,------·· . ···-·· ··--·· 

High Wide Thick 

2 pins, ¾ in. lg, ¼ in. dia, ½ in. 1¾ I¼ '¼6 
C to C 

3 pins, 0.125 in. dia, ½ in. lg 21½ii l"½o 1¾ 

2 pins, 1%2 in. lg, %2 in. dia, ½ in. 11%2 "½o '%2 
C to C 

2 banana pins, 1%6 in. lg, 0.85 in. 1%2 1½ 13/10 
C toe 

Same as 2x7 

Same as 2x7 

2 banana pins, 2:;/12 in. lg, 2''ifi2 in. 2¾ 1½ 2¥.12 

C to C 

2 pins, °½.6 in. lg, 1¾1-1 in. dia, ½ in. 1½ I¼ '½a 
C to C 

Same as 2x7 

Same as 2x7 

NL 

Same as 2x12 

Same as 2x12 

Same as 2x12 or 2x7 

2 banana pins, :l(i in. lg, 0.860 in. 21Ai l½ l'½f1 

C to C 

5-pin, ½ in. lg, ¼ in. dia 1¾ 1½ 1¼ 

2 banana pins, ½ in. lg,¾ in. c to c Hf. 1¼ %1 

NL 

521 
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TECHNICAL DATA CHART FOR GROUP-II CRYSTAL UNITS-Continued 

USAF Stock 
Crystal Cr!!Btal Holder Number Nomenclature Equipment Used In 

:2100-• Holder Spec Spec 

2x27-466 Crystal Unit RCA-MI-19463 AN/GRR-2, BC-1004, 
Hammarlund AN/MRC-8, -4 
SA-178 

2x28- Crystal Unit HC-1/U AN/URC-2, AN/FRC-6 MIL-C-10404 

2x29- Crystal Unit. FT-249 SCR-281, BC-441 MIL-C-10404 

2x84-456 Crystal Unit (Majestic BC-969-A, SCR-614-A 
Dwg 29E6) 

2x35- Crystal Unit CR-6B/U FT-243 BC-611, SCR-536 MIL-C-2398 72-119 

2x36- Crystal Unit CR-5B/U FT-243 BC-1000, SCR-800 MIL-C-239B 72-119 

2x37- Crystal Unit (Bliley AR-3) RC-65 

2x38- Crystal Unit FT-249 BC-1271-A, Wilcox 98A MIL-C-10406 

2x39- Crystal Unit FT-164 RC-52E, BC-797, SCR-641 

2x40- Crystal Unit (Monito1· Special SCR-638, Bendix FC-3006, 
Piezo 8), (Bendix 3947} 3103-24, 3806-24 

2x43- Crystal Unit (Bliley M0-2) Hallicrafters HT-4, -9, 
T-811/VRC-4 

2x48- Crystal Unit DC-8 BC-225, -338, -352, -358, 
-457,-458,-459,-695,-696, 
SCR-240, 261, 264, -274N 

2x50- Crystal Unit DC-20 FT-243 BC-738, RC-103 MlL-C-10404 72-11!) 

2x63- Crystal Unit CR-SB/U FT-243 RT-12/TRC-2, BC-1306, MIL-C-10406 72-119 
RT-77/GRC-9 

2x64-12500 Crystal Unit (Bliley MO-2) Bliley MC-5 BC-376 
or-7 

2x66- Crystal Unit CR-10/U FT~243 MIL-C-10405 72-119 

2x58- Crystal Unit FT-243 BC-659, SCR-609, -610 MIL-C-10405 72-119 

2x60- Crystal Unit (RCA RCA transmitter 1-K 
TMV-129-B) 

2x61- Crystal Unit RCA-AVA-63-A RCA Models AVT-15, -112, Ml.L-C-10406 
ARV-20 

2x62-327.8 Crystal Unit TS-102/AP 
(WECOD-168842) 

2x63- Crystal Unit (WECO6B) Northern Elec. AT-7 

2x64-l Crystal Unit 

2x65- Crystal Unit FT-243 R:57; ARN-5 MIL-C-16B 72-119 

2x66- Crystal Unit FT-243 BC-1209, SCR-583 (Xmtr 72-119 
only) 

2xfi7- Crystal Unit FT-243 BC-1209, SCR-583 (Rec 72-119 
only) 

2xfi8- Crystal Unit DC-34 FT-171-B BC-669, SCR-543 (Xmtr 
only) -
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Freq Fnq Op,aratitig 
Rringe Tolerance Tempcr1tture 
(me) (±'Ir) Range (°C) 

0.466 

0.9375-8.2 0.01 -55° to +90• 

1.6-3.0 0.01 o· to +so· 
0.465 

2.0--10.0 0.02 -55' to +so· 

4.3 (Xmtr) 0.02 -55° to +90" 
6.815 (Rec) 

30--40 

4.8375 0.01 o· to +10· 
7.458611 

1.7-9.0 

1.7-7.5 0.02 o· to +so• 

3.0--8.0 

5.633- 0.02 -40' to +ss• 
5.744444 

1.0--10.0 0.02 -40" to +70° 

12.5 

5.0 0.005 -40° to +70" 

5.675-8.650 0.02 -40" to +10• 

0.325-3.0 10 cps +60" 

1.75-7.5 0.015 -40° to +ss· 

0.3278 

0.375 and 0.6 

6.497917 0.02 -40• to +70° 
6.547917 

WADC TR 56-156 

SectlNII 
Crystal Units-Group II 

l'h11sical JJimensiona ( In.) 
B"ae or 1'erminal Connections •-·High .. T. Wide l Thick~· 

NL 

2 pins, 1½u in. lg, ~I< in. dia, '¾ in. 1%2 l¼ l¼ 
C to C 

Same as 2x5 

NL 

Same as 2x7 

Same as 2x7 

5-pin, % in. lg, }l! in. dia 2 l'X6 1¾6 

Same as 2x5 

Term. pin on each side, ½ in. lg, F>io 2·'½o (dia) 
¾o in. dia 

Octal l¼ 1½ (dia) 

2 pins, 1J10 in. lg, ~ll in. dia, '¾ in. 111.o 1% (dia) 
C to C 

Octal 21%2 1%2 (dia) 

Same as 2x7 

Same as 2x7 

Same as 2x43 

Same as 2x7 

Same as 2x7 

6-pin, '¼ in. lg, %2 in. dia 4 2)'~ lo/to 

2 banana pins, '¾ in. lg, 0.85 in. l½.o I!¼ l½o 
C to C 

NL 

3-pin, '1i-M in. lg, %~ in. dia 22½ l1%2 %1 

3-pin, '½o in. lg, %2 in. dia 127/22 l1%2 1¾6 

Same as 2x7 

Same as 2x7 

Same as 2x7 

Same as 2x12 
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Crystal Units-Group II 

TECHNICAL DATA CHART FOR •ROUP-II CIYSTAL UNITS-Collfl•N4 

USAF Stock 0,,1,ta.l Crv,tal Holdw Number N otneMlatur, Equipmmt U,u In 
!lJOQ..& Holdw Sp,c Spee 

2x69- Crystal Unit DC-35 FT-171-B BC-669, SCR-543 (Ree 
only) 

2x70- Crystal Unit FT-164 BC-400,.( ) 

2x70-4166.67 Crystal Unit FT-164 BC-400-B thru G 

2x73-186.30 Crystal Unit (James BC-1267, 1-283--A, 
Knights Type F) TS-293/CPA-5, 

AN/CPX-1, -2 

2x74- Crystal Unit FT-241-A BC-604, SCR-508, -528 

2x75- Crystal Unit FT-249 AN/FRR-3 

2x75-462.46 Crystal Unit 

2x76- Crystal Unit FT-249 Temco Xmtr 250 GSC 

2x77- Crystal Unit FT-171-B SCR-298, Link FM Model MIL-C-10405 
11-U-F 

2x78- Crystal Unit FT-171-B 

2x79- Crystal Unit FT-249 BC-329-N MIL-C-10406 

2x81- Crystal Unit FT-171B R-114/VRC-4 

2x83-81.96 Crystal Unit (GE BC-1602, SCR-584 
TYPE 53) 

2x84- Crystal Unit FT-171-B BC-325, SCR-197-F 

2x86-1 Crystal Unit R-55/ARQ-9 
(WECOD-161584) 

2x87- Crystal Unit FT-164 Fed T & T TLC, TSI 

2x89-100 Crystal Unit (RCA RCA VC-6-KL BC-1184, SCR-722, 
VC-6KS) ID-6/APN-4 

2x90-470 Crystal Unit DC-6 SCR-177, -186, -188, -193, 
-209, -210, -287 

2x91- Crystal Unit DC-17A BC-751, AN/MRN-1 

2x96-246.895 Crystal Unit DC-21 

2x95- Crystal Unit DC-13 and BC-303, SCR-241 
DC-14 

2x96- Crystal Unit FT-164 T-66/CRN-11, AN/CRN-20, 
BC-901, RC-139 

2x98- Crystal Unit FT-241-A BC-684, SCR-608 

2x100-100 Crystal Unit (Bliley Hallicrafters HT-7 
SMC-100) 

2x103-93.12 Crystal Unit (GE Dwg TS-177/CPS-l, 
K-66J906) TS-241/CPS-5 

2xl04-100 Crystal Unit (RCA R-65/APN-9 
VC-6-M) 

2x105-200 Crystal Unit CR-2B/U FT-241/A AN/ART-13 

2xl06- Crystal Unit FT-249 BC-401 MIL-C-10406 
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I 
Freq Freq Opemting 

Range TolH'anc11 Ttnnpff"ature 
(me) (±%) Range (°C) 

4.116 and 4.687 0.01 -16° to +60° 

I 4.16667 0.01 -16° to +60· 

I 
0.1863 

1.4-3.8 0.01 +45° to +56° 

3.125-4.395 0.02 o• to +10° 

1.875-2.875 0.02 -40° to +10• 

0.2-0.4 0.01 -10· to +so· 

1.175-8.175 

0.75-2.25 0.02 0° to +70° 

5.0 and 6.455 

0.125-0.195 
0.3-0.4 

0.100 +86to-35 -40° to +10· 

i 
cps 

I 0.470 

I 

6.016, 6.038, 
6.061, 6.083, 
6.106, 6.127, 
0.245895 

0.245895 

DC-13: 0.201 
DC-14: 0.219 

0.2--0.4 0.01 -1s· to +so• 

0.100 and 1.000 

0.09312 

0.2 18 cps -40° to +70° 

U--4.525 0.01 o• to +so• 
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Phylical DimenllW?lll (In.) 
Base or Terminal Connection., 

High Wide Thick 

Same as2x12 

Same as 2:x39 

NL 

NL 

Same as 2x13 

Same as2x6 . 
NL 

Same as 2x6 

Same as 2x12 

NL 

Same as 2x5 

Same as 2x12 

Octal, 2-pin, 3%-i in. lg, '½e in. dia 3%2 11!6 (dia) 

Same as 2x12 

1%6 11%2 (dia) 

Same as 2x39 

3-pin, ½ in. Jg, %2 in. dia 23/io I'½n 1%1 

NL 

Octal 21%2 1%2 (dia) 

! 

Same as 2x89-100 

Octal 2%o 1%o (dia) 

Sameas2x39 

Same as 2x13 

2 solder lugs 1% 1% 2%2 

Octal 1%2 ll½o 11J½o 

3-pin, 8%,i in. lg, 0.156 in. dia -2•¾4 l1%2 11J½o 

Same as 2x13 

Same as 2x5 
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Cry1tol Units-Group II 

TECHNICAL DATA CHART FOR GROUP-II CRYSTAL UNITS-Continued 

USAF Stock 
Cr11stal Cr/lstal Number Nomenclature Equipment Used In Holder 

2100-• Holder Spec Spec 

2xl07- Crystal Unit FT-249, AA-9E, Bendix RA-10, RTA-1, MIL-C-10405 
MX-9E AN/ARC-9 

2xl 11-98.356 Crystal Unit DC-22-A BC-788, SCR-718 

2xll2-100 Crystal Unit (Philco BC-622 
455-1040) (RCA VC-5-KS) 

2x113-13545 Crystal Unit (WECO Dwg 
D-152497) 

R-102/ARQ-9 

2xll6-300 Crystal Unit (WECO SCR-545-A 
D-168342) 

2xl21- Crystal Unit FT-164 Fed Tel & Rad CAA 293 

2x122-18.626 Crystal Unit (WECO 
D-169112) 

ID-56/ APQ-7 

2xl24- Crystal Unit Valpey CM.1, Comm. Co. 150C 
I Bliley MC-74 

2x126- Crystal Unit FT-171-B JT Rad Model 350-A (Rec) 

2xl27- Crystal Unit FT-171-B JT Rad Model 350-A 
(Xmtr) 

2x131- Crystal Unit FT-249 T-4/FRC 

2x133- Crystal Unit FT-249 Wilcox F3 MIL-C-10406 

2x136-12500 Crystal Unit FT-243 BC-376-H 72-119 

2x137- Crystal Unit FT-249, MX-9G, Wilcox 96-200 
M-9G 

2x138-100 Crystal Unit (Bliley TS-308/U 
BC-46RS) 

I 

2x141-93.109 Crystal Unit (RCA Type RCA Type ID-17/ APN-3 
VC-5M) VC-5-K 

2x142-80.86 Crystal Unit (Bliley FM-6) TS-100/AP 

2x144- Crystal Unit FT-249 Navy Model TCS 

2x147R- Crystal Unit FT-243 BC-721 (Rec), SCR-585 72-119 
I 2xl47T- Crystal Unit 
i 

FT-243 BC-721, SCR-585 (Xmtr) 72-119 

I 2x148- Crystal Unit FT-171 Link FMTR-26, -35, UFS-50 

2x149- Crystal Unit FT-164 BC-329-A 
I 2x150-93.109 Crystal Unit (RCA Type ID-18/CPN-2 

TMV-129E) 

2x154-300.060 Crystal Unit (WECO SA) WECO 23AA, 221B 

2xl66-300 Crystal Unit (WECO 8B) 

2x156-300.050 Crystal Unit (WECO SC) 

2x157- Crystal Unit FT-243 TS-233/TPN-2 72-119 

2x163-l.81818 Crystal Unit CR-11/U TS-261/UP 

2x163-1817.44 Crystal Unit CR-11/U WECO D-170130 

2x167- Crystal Unit FT-164 BC-446, BC-467, SCR-277 

2x168- Crystal Unit FT-164 BC-447 

• See paragraph 2-69. 
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Freq Freq Operating 
Range Tolerance Temperature 
(me) (±o/c) Range ("C) 

2.6-7.0 0-015 -40• to +55" 

0.098366 0.05 -10° to +so• 

0.1 

13.546 

0.3 

0.1-10.0 

0.018626 

2.0-6.0 0.02 0' to +70° 

1.0-6.0 0.02 o• to +60" 

12.5 

0.126-0.525 0.01 o• to +10· 

0.100 +so· 

0.093109 10 cps -54' to +70' 

0.08086 

3.956-6.465 

3.6-6.0 

0.9376-1.25 0.02 o· to +70' 

0.2-0.41 0.02 -15" to +so· 

0.093109 O.ol o· to +ss• 

0.300060 

0.300 

0.300060 

6.6875-7.3125 

0.00181818 

1.81744 

0.2-0.4 0.01 -10• to +60° 

1.6-5.0 
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Crystal Units-Group II 

Physical DimenBion8 (In.) 
Base or Terminal Connections 

High Wide Thick 

Same as 2x6 

Same as 2x89-100 

2%2 111J:J2 H\n 

2-pin, ½in.lg, % in. dia 11%,i 1¼ '½o 

Octal 3 l¼(dia) 

Same as 2x39 

Octal 4 1¼ (dial 

NL 

Same as 2xl2 

Same as 2x12 

Same as 2x5 

Same as 2x5 

Same as 2x7 

Same as 2x5 

5-pin, electrode pin, connection on 2'Yin 2¼ (dial 
side 

3-pin, }~ in. lg, %2 in. dia 2% 1¾ 1 

2-pin, ¾ in. lg, ~~ in. dia, '¼ in. PY.12 Hi (dia) 
C to C 

Same as 2x5 

Same as 2x7 

Same as 2x7 

Same as 2x12 

Same as 2x39 

6-pin, ¾ in. Jg, %2 in. dia 4 2½ 11;ria 

Octal 2% 1¼ (dia) 

' Same as 2x154-300.060 

Same as 2xl54-300.060 

Same as 2x7 

NL 

NL 

Same as 2x39 

Same as 2x39 
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Crystal Units-Group II 

TECHNICAL DATA CHART FOR GROUP-II CRYSTAL UNITS-Continued 

USAF Stock 
Cry11tal Number N omenclatwre Equipment U11ed In Cr11stal Holder 

2100..a Holder Spec Spec 

3x172-4495 Crystal Unit DC-10 BC-230, BC-~30 

2x173- Crystal Unit FT-171-B Fisher Research Rec 

2x174- Crystal Unit FT-171-B Fisher Research Xmtr MIL-C-10405 
! TS-25-3 

I 2xl74R- Crystal Unit FT-171-B R-114/VRC-4 MIL-C-10405 

I 2x175-409.5 Crystal Unit (James TS-126/AP 
Knights Type IF-6Y-101) 

i 2xl77-2 Crystal Unit CR-8/U R-122/ APN-12 

2x180- Crystal Unit FT-249 Bendix Xmtr TA-6A MIL-C-10405 

I 
2xl81-80.86 Crystal Unit (WECO AN/APQ-13 

D-166339) 

2x186R- Crystal Unit FT-243 BC-611 (Rec) MIL-C-239B 72-119 

2xl86T- Crystal Unit FT-243 BC-611 (Xmtr) MIL-C-239B 72-119 

2xl87-1.617 Crystal Unit ( WECO MD-57/ APS-22 
D-170609) 

2xl88- Crystal Unit FT-240 Tempco Xmtr 250-G 

2xl91R- Crystal Unit Bliley MC-7 BC-348-R 

2xl92C- Crystal Unit CR-3B/U FT-241-A BC-506, SCR-508, SCR-528, TB SIG 201 
BC-604, SCR-608 

2x204-100 Crystal Unit AN/CPN-11, -llA, -11B, 
• (RCA-TMV-129G} -12, -12A, -12B 

2x212-80,867 Crystal Unit AN/CPS-6B 

2x600- Crystal Unit CR-6/U FT-243 BC-721 MIL-C-239B 72-119 

2x602- Crystal Unit FT-249 AN/FRR-3A MIL-C-10405 

2x602-462.45 Crystal Unit FT-249 AN/FRR-3A MIL-C-10406 

2x604- Crystal Unit RCA-AVA-63 RCA-A VR-20A 

2x606- Crystal Unit AVA-10-D RCA-AVT-7 (Xmtr) MIL-C-10405 

2x609- Crystal Unit FT-164 BC-380 

2x610-4166.67 Crystal Unit FT-249 BC-400-H 

2x611- Crystal Unit FT-249 BC-460-A thru C, 
BC-401·( ) 

2x634- Improvement Kit MC-531 HC-1/U MIL-C-10405 

2x635- Crystal Unit CR-1/ AR FT-249 O-5/FR MIL-C-10406 1.8 

2x680- Crystal Unit CR-7/U FT-164 MAR Receiver 

NL-00019 Crystal Unit FT-164 BC-329-R 

• See paragraph 2-59. 
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Freq Freq Operating 
Range Tolerance Temperature 
(m.c) (±%) Range ("C) 

4.495 

2.0--8.0 

2.0--8.0 0.01 o• to +10· 

I 
1.175-9.175 o• to +70° 

I 0.4095 

I 

15--52 

I 2.8-6.0 0.15 -40' to +55° 

0.08096 

3.5-6,455 0.02 -40° to +70' 

3.5--6.235 0.02 -40' to +70° 

0.001617 

I 
0.3-0.6 0.02 -40" to +70° 

0.1 

0.080867 

I 2.0-10.0 0.02 -40' to +70° 

1.4-3,8 0.01 +45" to +55' 

0.46245 0.01 +45° to +55' 

2.755-7.155 0.05 -40° to +55° 

2.5-6.7 0.015 o· to +70° 

0.19--0.40 0.01 -15° to +so· 

4.16667 0.01 -15° to +so· 

1.0-6.0 0.01 o• to +50° 

1.956-6.830 0.005 o• to +60° 

1.8-5.8 O.lll +45° to +oo· 

0.29-0.40 0.02 -15' to +60° 

0.29--0.40 0.02 -15° to +60" 
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Physical Dimensions ( In.) 
Base or Terminal Connections 

High Wide Thick 

NL 

• Same as 2x12 

Same as 2x12 

Same as 2x12 

2 screw-type terminals on each 1 ½ 1%2 
side 

Wire terminals l½n '½n (dia) 

Same as 2x5 

Octal 1 1¼ (dia) 

Same as 2x7 

Same as 2x7 

Octal 3¼ 1¼ (dia) 

Same as 2x5 

2-pin, %6 in. lg, \',. in. dia, .334 in. l1~e l¼ 1%2 

C to C 

Same as 2xl3 

6-pin, ¾ in. lg, %2 in. dia 4 2½ 2¼ 

Octal 21~-fo 6.¼J (dia) 

Same as 2x7 

Same as 2x5 

Same as 2x5 

2 banana pins, .85 in. c to c l¾ 1½6 o/rn 

Same as 2x20 

Same as 2x39 

Same as 2x5 

Same as 2x5 

NL 
Same as 2x5 

Same as 2x89 

Same as 2x39 
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Section II 
Military Specification• 

RELATED MILITARY-SPECIFICATION INFORMATION 

EXPLANATION OF MILITARY STANDARD 
TERMS USED IN DESCRIPTIONS 

OF CRYSTAL UNITS 

Aging Test (See paragraph 2-92) 

Authority 
2-2. Serial numbers and dates of the military pub
lications which prescribe the military specifica
tions and military standards for the crystal unit 
being described. 

8ondln9 Requirements (See paragraph 2-22) 

Corrosion Test (See paragraph 2-!13) 

Crystal Holder 
2-3. All crystal holders specified for Military
Standard crystal units must conform with Mili
tary Specification MIL-H-10056 ( ) . A complete 
description of each standard holder is to be found 
in Section III of this manual. 
Date of Status 
2-4. Date of approval of the military status classi
fication by the appropriate authority as prescribed 
by the applicable regulations of the Army, Navy, 
and Air Force. 

Delivery Requirements (See paragraphs 2-49 and 
2-50) 

Dimensions and Markings 
2-5. Illustrated and largely self-explanatory. Un
less otherwise specified, the marking includes only 
the type number, nominal frequency, and manu
facturer's code-designating letters. (See paragraph 
2-26 for additional marking requirements.) 
Drive Adjustment Procedure 
2-6. Method to be used, as prescribed by the appli
cable Military Standard, in obtaining the correct 
level of crystal urive when testing the crystal unit 
with the specified CI meter. See paragraph 2-60. 

Drop Test (See paragraph 2-94) 

Effective Resistance Test at Second Level of Drive 
(See paragraph 2-95) 

Electrical Connection of Holder 
2-7. States whether the cover of a metal crystal 
holder is to be grounded or not when the crystal 
unit is connected in its standard test circuit. Not 
applicable in the case of plastic holders. 

Electrical Connection Requirements Inside Holder 
(See paragraph 2-24) 

Etching Requirements (See paragraph 2-25) 
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Fabrication Requiremellfs (See paragraphs 2-22 
through 2-90) 

Frequency and Effective Resistance Test (See 

paragraphs 2-91 and 2-96) 

Frequency Deviation wit• Temperature 
2-8. As an additional permissible deviation, dis
tinct from the nominal frequency tolerance, it is 
applicable in the case of crystal units whose nom
inal frequency tolerance is specified for a given 
fixed temperature only, rather than for any tem
perature within the operating range. The item 
then specifies the maximum additional variation in 
frequency that is permissible when the tempera
ture is varied from the fixed reference point to 
any other temperature in the operating tempera
ture range. Since this method is normally used 
only when the crystal unit is designed to operate 
at oven temperatures, where the operating range 
is narrow and presumably coincides with the zer~ 
temperature-coefficient region of the crystal ele
ment, the design engineer is assured that once an 
oven-mounted crystal unit is in operation, any 
changes in its frequency due to reasonable changes 
in the oven temperature will be extremely small 
even though the overall nominal frequency toler
ance from one crystal unit to the next is relatively 
large. 

Frequency Range 
2-9. Self-explanatory, except that it should not be 
assumed that crystal units can always readily be 
obtained at any desired frequency within the given 
range. The quickest, most reliable, and least ex
pensive approach is to select a frequency at which 
the desired type of crystal unit is already avail
able. If this is not possible, the next best approach 
is to select a frequency at which the crystal unit, · 
although not currently available, has been avail
able in the past. Finally, if it is necessary to 
fabricate a crystal unit at a heretofore untested 
frequency, the greatest probabiJity of least delay 
and expense in the research and developmental 
stage is to select a frequency as close as possible 
to other frequencies now available in the desired 
type of Military Standard crystal unit. Occasion
ally, it may be found that the fabrication tech
niques of one manufacturer are more conducive 
to superior crystal units within one band of the 
frequency range, whereas another manufacturer 
fabricates the same type of crystal unit more reli
ably within another band. In any event, before a 



new untested frequency is decided upon, the design 
engineer should consult one or more of the manu
facturers of the crystal unit under consideration. 

Frequency Rant• Abbreviations 

2-10. VLF (very low frequency): less than 30 kc. 
LF (low frequency): 30 to 300 kc. 
MF (medium frequency): 300 to 3000 kc. 
HF (high frequency): 3 to 30 me. 

VHF ( very high frequency) : 30 to 300 me. 

Functional Descrlptloa 

2-11. Provides summary of general physical and 
operational features of crystal unit, such as the 
type of mounting, operating harmonic, frequency 
range, frequency tolerance, temperature range, 
and mode of circuit operation. 

Glass Seal Inspection (See paragraph 2-37) 

Harmonic of 9uarts Vibration 

2-12. Mechanical harmonic of crystal element for 
which the military test specifications are appli
cable. Where a harmonic mode higher than the 
fundamental is specified, this should not be con
strued to mean that the crystal unit is more read
ily excited at the overtone than at the fundamen
tal frequency, so that the desired harmonic can 
be obtained in an untuned type of oscillator. 

Immersion Test (See paragraph 2-38) 

Insulation Resistance Test (See paragraph 2-39) 

Internal Inspection (See paragraph 2-40) 

Leakate (See paragraph 2-40a) 

Load Capacitance (See paragraph 2-56) 

Markint Requirements (See paragraph 2-26) 

Maximum Capacitance (Pin-to-Pin) 

2-13. Maximum permissible electrostatic capaci
tance across the crystal-unit electrodes, as meas
ured at the pin connections at a frequency lower 
than the fundamental of the crystal unit, where 
the unit shows no response other than that of a 
fixed capacitance. 

Maximum Drive Level (See paragraph 2-55) 

Maximum Effective Resonance Resistance 

2-14. Maximum permissible effective resistance of 
crystal unit when measured at the specified test 
resonance and harmonic mode using the specified 
CI meter and drive adjustment procedure. For 
series-mode crystal units, the maximum effective 
resistance is the maximum permissible resonance 
impedance of the unit and, except at the very high
est frequencies, is very nearly equal to an equiva
lent maximum permissible series-arm resistance. 
For parallel-mode crystal units, the maximum 
effective resistance is equal to the maximum per
missible resistive component when the crystal 
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impedance is represented as an equivalent resist
ance and reactance in series, at the exact frequency 
at which the reactive component is resonant with 
the test load capacitance. 

Method A (See paragraph, 2-S6a) 

Method B (See paragraph 2-96b) 

Method of Measurlnt Frequency and E,fectlve 
Resonance Resistance 
2-15. The crystal unit is tested for frequency and 
effective resistance over the operating tempera
ture range in accordance with either method A or 
method B. In general, method A, which sets mini-· 
mum and maximum limits for the rate of tem
perature change, is specified for the smaller rec
tangular-shaped crystal units that are not intended 
to be operated in temperature-controlled compart
ments; otherwise, method B, which sets no limiting 
rate of temperature change, is specified. 

Method of Mountint Crystal 
2-16. Only two broad classifications of mount
ing methods are specified in the Military Stand
ards for quartz crystal units: pressure mounting 
and metal-plated, wire mounting. The pressure
mounted method embraces all the sandwich and 
air-gap mounts except those of the gravity type, 
and also includes all those mounts having metal
plated crystals held in place purely by the me
chanical pressure exerted by pins or knife-edged 
clamps. The metal-plated, wire-mounted method 
includes the resonant-wire mounts (not the reso
nant-pin mounts) and the metal-plated, edge
clamped, cemented-lead mount. 
Moisture Resistance Test (See paragraph, 2-41) 

Nomenclature of Crystal Units 
2-17. The Joint Army, Navy, Air Foree nomen
clature for designating a particular type of crystal 
unit is as follows: 

CRYSTAL UNIT NOMENCLATURE 
Item Name Type Number 
Crystal Unit CR - XX / U 

/ I .\ 
Component Number Eqmpment In-
Indicator dicator Letter 

for Type of 
Installation 

In the type number, the component, which is a 
crystal mounted in a holder, is identified by the 
symbol, CR. The component symbol is followed 
by a hyphen and 2 digits (-XX) which identify 
the mounted crystal as having been designed ac
cording to certain specified electrical and physical 
characteristics. The letter U, separated from the 
number by a slant sign, is the equipment indicator 
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symbol for "general utility installation," which 
means that the crystal unit is intended for use 
in two or more of the three general installation 
classes-airborne, shipboard, and ground. 
Nominal Fnque•cy Tolera•c• 
2-18. The maximum permissible difference be
tween the rated nominal frequency of the crystal 
unit and the operating frequency as measured · 
according to the specified test conditions. The tol
erance is normally expressed as a given percentage 
of the nominal frequency and is applicable over 
the entire operating range unless the crystal unit 
is intended for oven mounting. In this latter case, 
the nominal frequency tolerance usually applies 
only to operation at the midpoint of the operating 
temperature range. An additional permissible de-: 
viation from the measured midpoint frequency is 
then specified, so that the overall frequency toler
ance is equal to the sum of the nominal frequency 
tolerance and the additional permissible frequency 
deviation. 
Operable Temperature Ra•1e 
2-19. Temperature range over which the crystal 
unit has been tested in operation without regard 
to tolerance limits. Normally, the operable tem
perature range is specified only for crystal units 
having a narrow operating temperature range
that is, only for those units standardized for use 
in temperature-controlled compartments. The spec
ification of an operable temperature range provides 
assurance of the continued operation of a crystal, 
although not necessarily within the frequency 
tolerance limits, during an oven warm-up period, 
or during the breakdown or absence of tempera
ture control. However, it should be understood 
that the term "operable" is not rigorously defined. 
A crystal unit operable in the average test circuit 
may not be operable in an oscillator that is de
signed for minimum performance characteristics 
when the effective resistance is the maximum per
missible value. 
Operatin9 Temperature Rancp 
2-20. That part of the operable temperature range 
within which the crystal unit tolerance specifica
tions have been tested and are assumed to hold. 
Unless the crystal unit is intended to be tempera
ture-controlled, the operating and the operable 
ranges are identical. 
Orclerln9 Requireme• ts (See paragraph. 2-49) 
Packaging Requireme• ts (See paragraph 2-50) 
Pin Alinement Test (See paragraph. 2-41) 
Plating Adherence Test (See paragraph !-43) 
Reference Standard Test Set (See paragraph, 
2-58) 

WADC TR 56-156 532 

Req• lre .. llh elld Procecluns of Tests 
2-21. See Military Specification MIL-C-8098( . ) 
for details of the required inspections, the group
ing of teats, and the procedure for sampling. Those 
tests performed on each individual crystal unit by 
the manufacturer are the visual and mechanical 
external inspection, the frequency and effective re
sistance test, the second level of drive test (for 
overtone units), and the seal test. Samples of each 
production lot are subjected to all remaining tests 
listed herein which are specified as applicable. 

FABRICATION REQUIREMENTS 
Bonding 
2-22. Wire-mounted, metal-plated crystal units are 
bonded at the point of contact of the suspension 
wire and the metal plating of the quartz plate. A 
conductive material of the highest grade commer
icially available and suitable for the purpose is used. 
The bond withstands, without electrical or mechan
ical failure, all tests performed on the crystal unit. 

Crystal Holders 

2-28. All holders conform to Military Specifica
tion MIL-H-10056( ). 

Electrical Connection, 
2-24. When the design of a crystal unit involves 
the use of a nonferrous metal in direct contact 
with the metal plating, a tin-lead eutectic solder 
saturated with the same metal used for plating the 
quartz surfaces is employed. Saturation of the 
solder with the plating metal is such that during 
soldering, or thereafter, migration of the metal 
from the plated surface of the quartz plate to 
the solder is effectively checked. Springs are at
tached to the base pins by using a high~tempera- . 
ture solder or by welding. 

Etching 
2-26. The quartz plates are finished by etching to 
the final frequency for pressure-mounted units and 
to the preplating frequency for metal-plated units. 
During manufacture, at least one freshly-lapped 
quartz plate of each type being processed is taken 
at random from the production line each day for 
measurement of its frequency under standard test 
conditions. The quartz plate is then subjected to 
the etch procedure being used by the manufacturer 
and tested for compliance with the etching speci
fications of the Military. AT and BT plates must 
be subjected to the following minimum etch for 
fundamen~ and overtone operations: 

Fundamen:tal Overtone 
"1.f = 0.6:fl (AT Cut) "1.f = 0.8:fl/N 
"1.f = 0.4:fl (BT Cut) "1.f = 0.2f1 /N 



Where: 
Af = required frequency increase in kc. 

f = frequency of quartz plate in me. 
N = harmonic. 

The above formulas are based upon the use of 
1000-mesh grit abrasive. In the event a manufac
turer uses a finer grit abrasive requiring an 
amount of etch less than that indicated above, he 
is required to demonstrate to a government in
spector that the amount of etch is above the knee 
of the etch-rate curve, or is a satisfactory equiva
lent. (The etch-rate curve is the curve produced 
by plotting frequency change due to etching as 
the ordinate against time of etch as the abscissa. 
The knee of the curve is that portion of greatest 
curvature, which occurs at the beginning of the 
curve before the rate of frequency change has be
come a steady slope.) The etching curves (not 
etch-rate curves) in figure 1-89 are graphical illus
trations of the fundamental-frequency formulas 
above. 

Glass Seat (See paragraph 2-37) 

Marking 
2-26. The type number, the specified nominal fre
quency, and the code letters designating the manu
facturer are permanently and legibly marked on 
the holder of each crystal unit. Unless otherwise 
specified by the bureau or service concerned, no 
other markings are permitted on the holder. The 
code designating letters are those listed in pub
lication NA VSHIPS 900,152. Each line of char
acters is symmetrically located with respect to the 
center axis of the holder. Characters are not less 
than one-sixteenth inch high and are either metal
stamped, branded, or engraved. The marking is 
required to withstand all tests specified for the 
particular crystal unit. 

Mounting 
2-27. The quartz plate will be either wire- or pres
sure-mounted. 
,Solder 
2-28. Soft solder is used in accordance with Fed

;•·' eral Specification QQ-S-571, and is required to have 
a minimum tin content of 39.0 per cent by weight, 

:: except in the ease of the electrical connections to 
the metal plating on the quartz as described in 

· paragraph 2-24. In the edge-clamped wire mounts, 
the solder is not used primarily for obtaining me
chanical strength, and the electrical connections 
are mechanically and electrically continuous before 

, and after soldering. 

Solder Flu:,; 
2-29. Only substantially noncorrosive fluxes are 
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used unless the corrosive element can be demon
strably removed after soldering. 

Workmanship 
2-30. All crystal units are required to be manu
factured and processed in a careful and workman
like manner, in accordance with good commercial 
design and practice. All units are required to be 
free from any imperfections which may affect 
their serviceability, and the interiors must be free 
from flux, loose solder, unapproved or foreign 
material, dust, or any loose particles at all. 

STANDARD TES7' CONDITIONS 

2-31. Unless otherwise specified, all crystal-unit 
measurements and tests are made under the pre
vailing ambient conditions of atmospheric pressure 
and relative humidity and at a temperature be
tween 20 and 35 degrees centigrade. When meas
urements of the frequency and/or effective resist
ance are made both before and after a test, the 
temperature of the crystal unit for the second 
measurement is required to be within 2 degrees 
centigrade of the temperature of the first measure
ment, and the level of drive for all measurements 
is to be within 20 per cent of the nominal value 
specified. 

DESCRIPTIONS AND REQUIREMENTS 
OF TESTS 

Aging Test 
2-32. The crystal unit is placed in a well-ventilated 
oven equipped with heating and timing controls 
that produce the following heat cycle: a "heat-on" 
period of 2 hours duration with a stabilized tem
perature of 100 degrees centigrade (±5°C) for at 
least 30 minutes, followed by a "heat-off" period 
of sufficient duration to lower the oven to within 
15 degrees centigrade of standard test conditions. 
The crystal unit is subjected to three such continu
ous cycles and then removed from the oven at the 
end of the final "heat-off" period, after which the 
frequency is measured for compliance with the 
tolerance specifications of the aging test. The speci
fied maximum permissible change in frequency can 
be assumed to be an approximate gauge of the 
degree of frequency drift the crystal unit can be 
expected to unde,rgo due to aging after being in 
operation a long period of time. 

Corrosion Test 
2-33. The crystal unit is required to withstand 50 
hours of the salt-spray (fog) test specified in Fed
eral Specification QQ-M-151 without evidence of 
corrosion sufficient to impair the operation of the 
crystal unit. 
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Drop or Shock Test 
2-34. This test is imposed to prove out the mechan
ical design of the unit to meet normal handling and 
military environmental conditions. It provides 
sharp mechanical shock. Method 202 as specified 
in MIL-STD-202 is recommended for uniformity 
and duplication of test results. The test is also 
described as Method A of MIL-C-3098B. The fre
quency and effective resistance are measured be
fore and after the test. The change in frequency 
is not to exceed the. tolerance specified for the 
drop test, and the effective resistance is not to 
exceed the maximum specified for the crystal 
unit. 

Effective Resistance Test at Se~ond Level of Drive 
for Overtone Crystal Units 
2-35. The effective resistance of overtone crystal 
units is checked at a second and lower level of 
drive at room temperature to ensure that the 
specified maximum effective resistance is not ex
ceeded when the amplitude of crystal vibration 
approaches a practical minimum. The second level 
of drive is obtained by setting up Crystal Imped
ance Meter TS-683/TSM in accordance with the 
applicable instructions contained in Military 
Specification MIL-C-3098B. 

Frequency and Effective Resistance Test Over 
Operating Temperature Range 
2-36. The crystal unit is tested in accordance with 
method A or B, as specified. Unless otherwise 
specified, the level of drive during the test is with
in 20 per cent of the nominal drive level specified 
for each crystal unit. The reference standard test 
sets are as specified on the standard sheet in 
MIL-C-3098B. The drive adjustment procedures 
for the test set and particular crystal unit are also 
specified in MIL-C-3098B. The measured crystal 
frequency is to be within the tolerance specified, 
and the measured effective resistance is not to 
exceed the maximum specified. 

a. Method A: The crystal unit is subjected to 
a temperature run over the specified operating 
temperature range at a minimum rate of change 
of 3 degrees centigrade per minute. Measurements 
of frequency and effective resistance are made at 
intervals no greater than 3 degrees centigrade, 
except that the portion from -80 to +20 degrees 
centigrade is completed in a period not exceeding 
1 minute, and continuous readings of both fre
quency and effective resistance are made over the 
range. The entire temperature range of -55 to 
+90 degrees centigrade is not to be completed in 
less than 1 minute. 

b. Method B: The crystal unit is subjected to 
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a temperature run over the specified operating 
temperature range at any convenient rate of tem
perature change. Measurements of frequency and 
effective resistance are made at intervals no 
greater than 3 degrees centigrade. 

Glass Seal Inspection 
2-37. Those crystal units with bases having a 
glass seal are inspected with the aid of a strong 
light and 10-power magnification. No glass seal is 
permissible that contains radial or other detri
mental cracks. 

Immersion Test 
2-38. The crystal unit is immersed in water, 
maintained at 90° to 95°C, for at least 1 hour. 
Unit is then removed from water, wiped dry, and 
set aside for one-half hour, after which its insula.: 
tion resistance, frequency, and effective resistance 
are measured and compared with those made be
fore the immersion test. Also, markings on the 
crystal unit must remain legible. 

Insulation Resistance Test 
2-39. At room temperature. using a test voltage 
of 50 to 100 volts, the insulation resistance of the 
crystal unit, as measured between the pins of the 
unit or between any pin and any other external 
metal part of the unit, is required to be not less 
than 500 megohms. 

Internal Inspection 
2-40. Randomly selected samples of crystal units 
from an inspection lot are disassembled and the 
interior of each selected unit is inspected to deter
mine if the material, threaded parts of the holder, 
and the workmanship comply with military speci
fications. 

Leakage 
2-40a. After being held at standard test condi
tions for a period of at least 24 hours, the sealed 
crystal unit is immersed in an open container of 
distilled water. The container is then placed in a 
sealed chamber which is evacuated to an absolute 
pressure of 3.0 to 3.4 inches of mercury for a 
period of not less than 5 minutes. There must be 
no evidence of leakage of gas or air from inside 
the unit. 

Moisture Resistance Test 
2-41. The crystal unit is subjected to a series of 
thirty 24-hour moisture resistance tests in a hu
midity test chamber. For the first 16 hours of 
each test period, the chamber is maintained at 
65° ± 2°C, and above 90% relative humidity. 
For the last 8 hours, the chamber is returned to 



normal room temperature. After 4 or more days, 
and for at least 6 times within the 30-day test 
period, and at the end, the unit is removed from 
the chamber and tested for effective resistance, 
frequency, and insulation resistance. 

Pin Alinement Test 
2-42. Crystal units having a type HC-6/U, HC-
13/U, or HC-14/U holder are tested for correct 
pin alinement by using a shadowgraph as specified 
in Military Specification MIL-H-10056 ( ) , or by 
using a test gage as specified in Military Specifica
tion MIL-C-3098 ( ) . The test gage is equivalent 
to a 2-hole socket having a depth of 0.238 ± 0.01 
inch. The two holes are spaced 0.486 inch center
to-center, and each has a maximum diameter of 
0.06 inch. Pins so tested must freely enter the gage 
until the base of the holder is firmly seated on 
the gage. 

Plating Adherence Test 
2-43. The plating adherence test is applicable to 
all crystal units employing metal-plated crystals. 
The test is performed by firmly applying a piece 
of transparent plastic pressure-sensitive tape to 
the base plating of the quartz crystal, and then 
removing the tape immediately by lifting one cor
ner and pulling at a slow uniform rate perpendicu
larly to the plated surface. The above steps are 
repeated for units that have been plated to the 
final frequency. After the test there must be no 
visual evidence (without magnification) of the re
moval of plating from the quartz surface. 

Seal Test 
2-44. After being held at standard test conditions 
for a period of at least 24 hours, the sealed crystal 
unit is immersed in water having a temperature 
between 90°C and 95°0 for a period of not less 
than 2 minutes: A seal is considered defective if 
an escapement of bubbles from the holder is ob
served, indicating a gas or air leakage from the 
inside of the crystal unit. 

Spurious Frequency Test 
2-45. With the reference test set adjusted to pro
vide the specified drive level at standard test con
ditions, a fixed resistor, whose value is equal to 
the specified maximum effective series resistance, 
is substituted for the crystal unit. The output fre
quency of the test set is then .adjusted to both 
plus and minus 10 per cent of the nominal fre
quency marked on the crystal unit, and the respec
tive dial settings of the tuning control on the test 
set are recorded. With the fixed resistor replaced 
by the crystal unit, the tuning control is varied 
slowly between the recorded dial settings. The 
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crystal unit is assumed free of spurious responses 
if during this tuning variation neither abrupt 
shifts in frequency nor intermittent oscillations 
are observed. 

Tensile Strength Test 
2-46. This is a test of the mechanical strength of 
the junction of the metal plating and lead wires. 
This test is generally applied in the case of the 
lower-frequency wire-mounted units where it is 
usual for the entire mechanical support of the 
crystal to depend upon the soldered junctions of 
the lead wires to the metal plating of the crystal. 
When the test is applieable, th~ minimum permis
sible tensile strength of the junction is specified 
for each particular type of crystal unit and fre
quency band. A weight load is gradually applied 
to the outside ends of both of the lead wires until 
breakdown occurs at the junction to the metal 
plating. (Breaking of the quartz plate during the 
test is not construed as a test failure and another 
specimen is taken.) A breakdown must not occur 
at a tensile pull less than that of the minimum 
weight specified. 

Terminal Polarity Test 
2-47. The crystal unit is operated in a test set in 
which the socket is non-polarized, and the fre
quency, as measured under standard test condi-
tions, must be as specified. · 

Vibration Test 
2-48. Each type of Military Standard crystal unit 
must undergo the same rigorous test in a vibration 
machine. The maximum changes in frequency and 
effective resistance resulting from the test period 
of vibration that are permissible are specified for 
each particular type of crystal unit. The crystal 
unit is rigidly mounted with random orientation 
on the platform of a vibration machine. A simple 
harmonic motion having a peak amplitude of 0.015 
inch (maximum total excursion of 0.030 inch) is 
applied to the platform continously for 2 hours. 
The frequency of the applied vibration is varied 
uniformly between the approximate limits of 10 
and 55 cycles per second. The entire frequency 
range from 10 to 55 cps and return is traversed 
in 1 to 2 minutes. The frequency and effective re
sistance are measured under standard test condi
tions before and after the test, and the changes 
observed in these parameters are not to exceed the 
tolerances specified. 

DELIVERY REQUIREMENTS 

Ordering 
2-49. According to Military Specification MIL-C-
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3098B, procurement documents shou)d specify the 
following: 

a. Title, number, and date of the applicab)e 
crystal unit specification (MIL-C-3098B). 

b. Type designation (type number), and the 
title, number and date of the applicable Military 
Standard. (Crystal units designated as "special 
application" shall be purchased and used only with 
the approval of the bureau or service concerned.) 

c. Nominal frequency required. 
d. Laboratory where preproduction tests are to 

be conducted. (See MIL-C-3098 ( ) for require
ments of preproduction tests.) 

e. Whether crystal units are to be packaged in
dividually or in sets. 

f. Whether metal boxes or fiberboard cartons or 
boxes are to be used for set packaging. 

g. Whether intermediate packages are required, 
and quantity of individua) packages. 

h. Whether packing and marking are for domes
tic or oversea shipment. 

i. That the contractor shalJ not substitute for 
a specified material or fabricated part un)ess he 
obtains approval for such substitution from the 
bureau or service concerned. Evidence to substan
tiate his claim that such a substitute is suitable 
shall be submitted with his request. Similar noti
fication and substantiating evidence shalJ be sub
mitted at any later time if substitution becomes 
necessary or desirable. At the discretion of the 
bureau or service concerned, test samples may be 
required to prove the suitability of the proposed 
substitute. 

j. Applicable reference standard test set to be 
furnished by the contracting officer to government 
inspector at the manufacturer's plant. 

Packaging 

2-50. When directly purchased by or directly 
shipped to the Government, Military Standard 
ccystal units must either be packed individually 
or in sets composed of one crystal unit of each 
designated frequency. When packed individualJy, 
each unit is cushioned and packaged in a folded 
carton or set-up box conforming to Specification 
JAN-P-120 or JAN-P-133, respectively. When 
packaged in sets, each set is contained in a hinged.
cover-and-clasp-style enameled or lacquered metal 
box satisfactory to the bureau or service con
cerned, or in fiberboard boxes, set-up boxes, or 
cartons, as specified, with each crystal unit indi
vidually wrapped or cushioned. The quantity in
cluded in a unit package is 10 or a multiple thereof. 
Five unit packages or a multiple thereof are fur
ther packaged in intermediate containers conform
ing to Specification JAN-P-120 or JAN-P-133. The 
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gross weight of the intermediate container is not 
to exceed 5 pounds. See MIL-C-3098B, Section 5, 
for detailed packaging and marking instructions. 
However, it should be understood that the military 
specifications concerning the packaging, packing, 
and marking of crystal-unit shipments to the Gov
ernment are not intended to apply to contracts 
or orders between the manufacturer and prime 
contractor. 

Resonance (See paragraph, 2-57) 

Seal Test (See paragraph, 2-44) 

Second Test Level of Drive 
2-51. A very low level of ccystal drive used for 
checking the effective series resistance of overtone 
crystal units at minimum amplitudes of vibration. 
This second check is necessary because of the tend
ency among overtone units to exhibit sharp in
creases in effective resistance as the crystal drive 
approaches zero. The procedure for obtaining the 
second level of drive, which is applicable to the 
use of Crystal Impedance Meter TS-683/TSM, is 
specified in Military Specification MIL-C-3098B. 

Solder Req•ire111enh (See paragraph, 2-28) 

Solder Flu Req•lremenh (See paragraph, 2-29) 

S,-clal ApplicatlOII Crystal Units 
2-52. Crystal units assigned a status of "special 
application" are available onJy in limited produc
tion and normally from only one soorce (availabil
ity category 2). Such crystal units are not to be 
purchased and· used without the approval of the 
service or bureau concerned. 

Spurious Frequency Test (See paragraph, 2-45) 

Staadarcl Crystal Ualts 
2-53. Crystal units assigned a status of "standard" 
are available from two or more sources (avail
ability caWgory 1) and are recommended for use 
when applicable without special approval of the 
service or bureau concerned. 

Staadard Test Conditioas (See paragraph 2-81) 

Stat• s 
2-54. Type classification of crystal unit, regarding 
procurement and availability, as assigned by the 
cognizant Military agency. 

Tensile StrenCJ+h Test (See paragraph, 2-46) 

Terminal Polarity Test (See paragraph 2-47) 

Test Level of Drive 
2-55. The power, within ±20 per cent, usually ex
pressed in milliwatts, that is to be supplied to the 
crystal unit when the unit is being tested with the 
specified reference standard test set for frequency 
and effective resistance. The test level of drive is 



also the maximum drive at which the crystal unit 
can be operated with assurance that the rated 
tolerances will be met, although the crystal is 
usually operable at much higher, but nonrecom
mended levels. 
Test Load Capaclta•ce 
2-56. Capacitance with which the effective induct
ance of the crystal unit is resonant during the 
frequency and effective-resistance test. (Applica
ble only if the crystal-unit specifications call for 
parallel-resonance testing.) The circuit in which a 
parallel-mode crystal unit is intended to operate 
should be designed and adjusted to provide the 
unit with a load capacitance equal to the test load 
capacitance, otherwise no guarantee exists that 
the specified tolerances in frequency and effective 
resistance can be met. Since a given effective re
actance of a crystal unit will occur at a unique 
frequency, a circuit can be assumed to be adjusted 
to present the correct load capacitance if the fre
quency is exactly the same as that measured when 
the crystal unit is known to be series-resonant 
with its test load capacitance under standard test 
conditions. 
Test Reso• ance 
2-57. States whether crystal unit is tested for 
operation at its resonance frequency (series-mode 
operation) or at some slightly higher frequency 
appropriate for parallel-mode operation. 
Test Set ( Reference Standard Crystal lmpeda•ce 
Meter) 
2-58. Reference standard CI meter specified for 
use in measuring the frequency and effective re
sistance of the crystal unit. 
USAF Stock No. 
2-59. Number for identifying item when requisi
tioning from U. S. Air Force supply depot. The 
USAF stock numbers of crystal units are the same 
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as the respective Signal Corps numbers except 
that the prefix "2100-" is added, which serves to 
identify the item as belonging to USAF stock class 
16-F. The exact frequency is identified by a hy
phen-separated suffix equal numerically to the 
frequency desired in kc. 
Vibration Test (See paragraph 2-48) 
Workmaaship Requirements (See paragraph 2-30) 

MILITARY STANDARD DRIVE ADJUSTMENT 
PROCEDURES FOR CRYSTAL UNITS COVERED 

BY MILITARY SPECIFICATION MIL-C-3098B 
Crystal Impedance Meter TS-330/TSM , 
PROCEDURE FOR OBTAINING TEST 
LEl'EL OF DRIVE FOR CRYSTAL UNITS 
OVER A FREQUENCY RANGE OF 800 TO 
15,000 KILOCYCLES PER SECOND 
2-60. The following drive adjustment procedure is 
specified by Military Specification MIL-C-3098B, 
Paragraph 4.3.1.1.1: 

a. Set band switch of TS-330/TSM test set to 
the appropriate frequency. 

b. Set "crystal-calibrate" switch to "calibrate" 
position. 

c. Determine, from the table below, the value 
of resistance for the• frequency range of the type 
of crystal unit being tested. Set this value of re
sistance on the decade resistor in the test set. 

d. Select, from the table below, the value of test 
frequency shown for the frequency range of the 
type of crystal unit being tested. Adjust the test 
set to this frequency by means of the tuning con
trol. (Great precision is not essential in this fre
quency setting. The adjustment may be accom
plished by monitoring the test-set signal by means 
of a calibrated radio receiver with dial settings 
comparable in accuracy to that of the National 
high-frequency receiver type HRO-SP.) 

e. Determine, from the table below, the value 

Non-Temperature-Controlled Oven-Controlled Types 
Frequency Test Units 

Range Frequency Crystal Crystal 
(me) (me) Resistance Current Resistance Current (ohms) 

(ma) 
(ohms) 

(ma) 

0.80- 1.50 1.3 100 10 0 o•• 
1.51- 2.25 2.0 50 20 90 10 
2.26- 3.40 8.0 100 10 50 10 
3.41- 5.10 • 45 15 50 10 
5.11- 7.50 • 25 20 22 15 
7.51-10.00 • 16 25 18 20 

10.1 -15.0 • 13 20 11 15 

• Set up at frequency of cryalal to be teated. 
•• Set for minimum Betting of •·crystal current'* control. 
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of crystal current for the frequency range of the 
type of crystal unit being tested. Vary the crystal 
current control on the test set until the crystal 
current meter indicates the proper value. 

f. The drive in the test set is now properly ad
justed for crystal units of the frequency being 
tested and for crystal units in the frequency range 
for which the adjustment was made. 

Crystal lmpctdance Meter TS-537 /TSM 
PROCEDURE FOR OBTAINING TEST 
LEVEL OF DRIVE FOR CRYSTAL UNITS 
OVER A FREQUENCY RANGE OF 75 TO 
1100 KILOCYCLES PER SECOND 

2-61. The following drive adjustment procedure is 
specified by Military Specification MIL-G-3098B, 
Paragraph 4.3.1.1.2: 

a. With the crystal drive control set for the 
minimum value at which the crystal will oscillate, 
measure the effective resistance of the crystal as 
described in the TS-537 /TSM instruction manual. 

b. Determine the voltage across the measured 
value of effective resistance that would provide a 
2-milliwatt power dissipation. Use graph in MS-
91482, or the following formula: 

Volts= v 0.002 x Effective Resistance in Ohms 

c. With the test set in the "calibrate" position, 
and with the decade resistor set for the effective 
resistance determined in step a, adjust the crystal 
drive control until the voltage difference obtained 
in step b appears across the decade resistance. This 
voltage difference can be measured by obtaining 
the difference between two vacuum-tube voltmeter 
readings taken at the voltmeter jacks on the front 
of the test set. If the drive cannot be decreased 
sufficiently, set the crystal drive. control for mini
mum drive. 

Crystal Impedance Meter' TS-683/TSM 
PROCEDURE FOR OBTAINING TEST 

Frequency Range Resistance 
(me) (ohms) 

10-2-1.99999 40 
25-52.0 40 

52.000001-75 60 

NOTE: The resistance and voltage values 
in the table above are not applicable in 
the case of the 20-milliwatt crystal units, 
CR-51/U and CR-53/U. See the respec-
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LEVEL OF DRIVE FOR .CRYSTAL UNITS 
OVER A FREQUENCY RANGE OF 
10,000 TO 100,000 KILO-
CYCLES PER SECOND (10.0 
TO 100.0 MEGACYCLES) 
2-62. The following drive adjustment procedure is 
specified by Military Specification MIL-C-3098B, 
Paragraph 4.3.1.1.3.1: 

a. Set band switch of the TS-683/TSM test set 
to the ~ppropriate frequency. 

b. Adjust frequency of the test set to the fre
quency of the crystal unit by means of the cali
brated dial. 

c. Determine, from the table below, the value 
of resistance for the frequency range of the type 
of crystal unit being tested. Obtain a non-wire
wound type resistor that does not differ from the 
selected value by more than 2 per cent. (The re
sistor, for convenience, may be mounted in a type 
HC-6/U crystal holder.) 

d. Insert the resistor in the appropriate socket. 
It is necessary to fabricate a jig, in which to place 
the resistor, that will permit the measurement of 
voltage from both sides of the resistor to ground. 
This measurement shall be made with a high-fre
quency probe of the type used in a Model 1800-A 
General Radio vacuum-tube voltmeter, or equal. 

e. Determine, from the table below, the value of 
resistor voltage drop for the frequency range of 
the type of crystal unit being tested. 

f. By means of the voltmeter specified in step d, 
measure the voltage from both sides of the resistor 
to ground and subtract the smaller reading from 
the larger to determine the resistor voltage drop. 

g. Vary the drive control at the rear of the test 
set and repeat the voltage measurements until the 
measured resistor voltage drop is equal to that 
specified in the table. 

h. The drive in the test set is now properly ad
justed for crystal units of the frequency being 
tested and for crystal units in the frequency range 
for which the adjustment was made. 

Resistor Voltage Drop ( volts) 

Non-Temperature- Temperature-
Controlled Units Controlled Units 

0.40 0.28 
.28 .20 
.35 .24 

tive technical descriptions of these crys
tal units for the parameters providing 
the correct test level of drive. 



PROCEDURE FOR OBTAINING TEST 
/.,,JlVEI, OF DR/VJ<: FOR CRYSTAL UNIT 
CR-33/U 

2-68. The following drive adjustment procedure is 
specified by Military Specification MIL-C-3098B, 
paragraph 4.3.1.1.3.2: 

a. Insert a%- or ¼-watt carbon resistor having 
a value of 25 ± 1 ohms, measured on a wheatstone 
bridge, in the appropriate socket. (The resistor can 
be mounted on the base of a type HC-6/U crystal 
holder, with the resistor leads soldered to the 
mounting pins and kept as short as possible.) 

b. Adjust frequency of the test set to the fre
quency of the crystal unit by means of the cali
brated dial. 

c. Adjust the screen-grid control knob to present 
a value of 0.25-volt difference between the voltages 
when measured from each side of the resistor to 
ground. This sets up the required level of drive of 
2.5 milliwatts. 

d. Remove the 25-ohm resistor and insert an
other carbon resistor having a resistance equal to 
the maximum effective resistance specified for the 
crystal unit on Military Standard MS91388. 

e. Retune the test set as in step b above. 
f. Adjust the knob marked "grid current in

crease" to read some convenient value of grid 
current on the microammeter. This value of grid 
current may then be used to represent the maxi
mum effective resistance. The test set is now ad
justed for "Go and No-Go" operation. 

g. Remove the resistor and insert the crystal 
unit with its 32 ± 0.5 microfarad load capacitance 
in series with one terminal. The test set may now 
be used to perform the frequency and effective 
resistance measurements of the crystal unit. 

PROCEDURE FOR OBTAINING SECOND 
TEST LEVEL OF DRIVE FOR HARMONIC
MODE CRYSTAL UNITS UTILIZING 
CRY ST AL IMPEDANCE METER 
TS-683/TSM 
2-64. The following drive adjustment procedure 
is specified by Military Standard MS90168 (19 
November 1952 revision): 

a. With the appropriate calibrating resistor for 
the frequency involved, the screen voltage control 
shall be set to a point at which the rectified grid 
current reading is one-half of one meter division 
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(2.5 1-'a) greater than the non-oscillating reading. 
This shall be checked by alternately inserting and 
removing the resistor and observing the meter 
deflections. Greatest accuracy will be obtained 
when operating the grid meter shunt control at 
maximum clockwise position. 

b. The tuning control of Crystal Impedance 
Meter TS-683/TSM .shall be adjusted in the usual 
manner for proper frequency calibration, using the 
appropriate resistor. 

c. The crystal unit shall be inserted in the socket 
of the test set, and the grid current meter shall 
show a deflection increase of at least one-half of 
one meter division (2.5 µ.a). Crystals that do not 
oscillate or produce readings of Jess than one-half 
of one meter division (2.5 pa) shall be considered 
defective. The crystal oscillation frequency can be 
monitored in the receiver used in calibrating, as an 
aid to increasing the speed of testing. 

Crystal Impedance Meter TS-710/TSM 
PROCEDURE FOR OBTAINING TEST LEVE!., 
OF DRIVE FOR CRYSTAL UNITS OVER 
FREQUENCY RANGE OF 10 TO 1100 KCS 
2-65. The following drive adjustment procedure is 
specified by Military Specification MIL-C-:3098B, 
paragraph 4.3.1.1.4: 

a. Determine the proper power level from the 
applicable military standard. 

b. Compute the required value of substitution 
resistance by taking 70 percent of the maximum 
(crystal unit) resistance given on the applicable 
military standard for the crystal unit under test. 

c. Using the data obtained under steps a and b 
above, determine the crystal unit drive voltage 
from the formula E = y"WR 

Where 
E = drive voltage in volts. 

W = specified power level in watts. 
R = resistance in ohms found in step b. 

d. Insert the correct value of substitution re
sistance, as obtained in step b above, in the crys
tal-unit socket; switch the oscillator circuit to 
series-resonance operation; tune the test set to the 
frequency of the crystal unit under test; adjust 
the voltage gain control to obtain the voltage 
difference required by step c. This voltage differ
ence may also be obtained by measuring the voltage 
between each terminal of the crystal-unit socket 
to ground, with the substitution resistor in the 
socket, and computing the numerical difference. 
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METHODS FOR MEASURING THE FRE9UENCY OF MILITARY STANDARD CRYSTAL UNITS 

2-66. The systems employed by manufacturers 
and laboratories for measuring the frequencies of 
crystal units vary according to the facilities avail
able, the degree of precision desired, the temper
ature requirements, the purpose of the particular 
measurement, and other factors. For example, in 
a simple room-temperature test of the go, no-go• 
type, a less elaborate system is required than 
would be the case if a very precise record of the 
frequency were desired over an operating temper
ature range of -55.o to 75° C. Again, the measur
ing systems employed in testing crystal units at 
points along a production line are arranged to 
permit simple, repetitive operating techniques 
that can be readily learned by non-technical per
sonnel. In the research laboratory, on the other 
hand, the test equipment must be adaptable for 
a wide variety of measurements over wide fre
quency ranges and ambient test conditions. Since 
such tests are to be performed by highly trained 
technicians, less attention is given to simplified 
techniques. Normally, the equipment available can 
be used in a number of different ways to obtain 
the same measurement, some of the methods being 
more accurate than the others. 

EQUIPMENTS REQUIRED FOR CRYSTAL 
FREQUENCY TESTS 

2-67. In the measurement of crystal frequencies 
under test conditions corresponding to Military 
Specifications, the equipments required can be 
divided into the following categories: 
Primary Standards 

a. Primary frequency standard (Station WWV 
ground-wave signals) 

b. Primary crystal test set standards ( Govern
ment-furnished CI meters to be used for correla
tion adjustments)t 

c. Primary load-capacitor standard 

d. Primary calibrated resistor standards 

e. Primary temperature standards (boiling and 
freezing points of water) 

. • "G_o, no-go" is a technical idiom for the type of test 
m. wh_1ch a co~ponent is tested only for acceptance 01· 
reJection; that 1s, an exact measurement is not necessary. 
The test need only be sufficient to determine whether or 
nut the specified tolerances are exceeded. 

t Government-furnished C. I. meters are not correctly 
primary standards; officially, they are called "Government 
Reference Standard Test Sets." Sre paragraph 2-72 for 
explanation of terms, "primary standard" and "reference 
standard" as used in this text. 
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Reference Standards 
a. Secondary frequency standard ( precision 

crystal-controlled frequency generator) 
b. Audio-frequency reference standard ( inter

polation oscillator) 
c. Reference crystal test sets (standard CI 

meters and duplicating circuits used in actual 
crystal-frequency measurements) 

d. Temperature reference standard (pyrom
eter) 

e. Reference load capacitors ( component parts 
of reference crystal test sets) 

f. Reference cattrated resistors 
Indicating and Recording Instruments 

a. Frequency counter or meter 
b. Frequency-deviation meter 
c. Frequency-deviation-vs-temperature 

recorder 
d. Oscilloscope ( used in exact frequency meas

urements and in correlation of interpolation oscil
lator) 

e. Grid-current meter (used in adjustment of 
reference crystal test set for measuring crystal 
resistance) 

f. Effective-resistance-vs-temperature recorder 
g. Electronic r-f voltmeter ( used in measuring 

crystal drive level) 
h. Pyrometer (for indicating crystal tempera

ture--same as temperature reference standard, 
listed above, used in correlating other tempera
ture-measurement controls) 

i. Thermometer (for cold box or· multiple
crystal cooling and heating chamber) 

j. Q meter (for calibration of load capacitance) 

k. R-F bridge (for checking calibrated resis
tors) 

I. Earphones or loudspeaker (for audio zero
beat frequency measurements) 
Auxili,ary Amplifiers and Frequency Converters 

a. Radio receiver, cw and mew 

b. Harmonic generators ( controlled by fre
quency standard) 

c. Frequency divider (for dividing frequencies 
that are too high for receiver) 

d. Variable-frequency oscillator (for rapid fre
quency checks) 

e. R-f amplifier 

f. D-c amplifier 



g. Signal control panel 
Au:riliary Devices for Controlling Crystal Unit 
Test Conditions 

a. Cold box 
b. Cold box thermostat 
c. Heater 
d. Heater thermostat 
e. Variable heater power source (a-c, 0-125-V, 

5-watt l?owerstat typical) 
f. Timer (for correlation of heater power sup

ply with proper rate of temperature change) 
g. Dummy crystal units (for mounting ther

mistor or thermocouple temperature sensing ele
ment of pyrometer) 

h. Transparent adhesive tape (for binding to-
gether dummy crystal units) 

i. Thermocouple wire, A WG #26 or smaller 
j. Vibration machine 
k. Crystal mounting fixture for vibration ma-

chine 
J. Shock testing machine 
m. Container for immersion test 
n. Ten-power microscope 
o. Micrometer 
p. Pin-alignment gauges and/or shadowgraph 
q. Socket adapter for Crystal Holder HC-10/U 

(Crystal Socket Adapter UG-683/U, available 
from Walter L. Schott Co.) 
Test-P1ant Fixtures 

a. Primary power source (110 volts, ac) 
I,>. Secondary regulated power source, if advis

able 
c. Mounting facilities ( cabinets, shelves, 

benches, tables, stands, frames, racks, etc) 
d. Cabinet facilities for storing records and ex-

pendable su))plies 
e. Desk facilities 
f. Vibration-free area of building 
g. Thermostatically controlled room 

2-68. Brief functional descriptions of the equip
ments listed above are given below wherever the 
exact use of a unit is not self-evident. The de
scriptions follow the same order as in the outline 
above. The model mentioned to illustrate each type 
of equipment is to be interpreted as representa
tive only. Equivalent, and probably improved, 
models for most of the types of equipment listed 
are generally available from the same manufac
turer as well as from other manufacturers. The 
examples given as representative are the equip
ments currently being used by, or in aevelopmen-
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ta! projects under the technical control of, the 
Frequency Control Group of the Communications 
and Navigation Laboratory, Wright Air Develop
ment Center. 

Pri--, Standards 
2-69. Every arithmetical measurement involves 
the division of the quantity being measured into 
countable units. Where the object of the measure
ment is to make a relatively precise determination 
of the total number of units contained in the given 
quantity, it is necessary that the quantity and the 
test conditions, as well as the measuring unit, be 
well defined. For example, if the quantity being. 
measured is the length of an iron bar, a precise 
measurement requires that the temperature of the 
bar be specified ; otherwise, the particular length 
being measured, which would be diffei·ent for each 
temperature, would not be known. Consequently, 
a measurement of the length also involves a meas
urement of the temperature, which, in turn, re
quires that the unit of temperature also be well 
defined. In general, the more precise the major 
measurement, the larger the number of auxiliary 
minor measurements to be made in order to estab
lish the required test conditions. For each con
templated measurement, major or minor, a stand
ard must be available to ensure the accuracy of 
the measured units. The accuracy of the measure
ment, of course, cannot be greater than the 
accuracy of the standard. 
2-70. Before a numerical measurement can be 
made, a unit of measurement must be d'ecided 
upon. Most, if not all, types of basic physical 
quantities now have internationally accepted units .. 
These units, defined as concretely as practicable, 
are called absolute units. Measuring devices, con
structed with the greatest possible precision to 
represent the absolute units, are stored in the 
chambers of the International Bureau 'of Weights 
and Measures in Sevres, France. These physical 
objects by common agreement serve as interna
tional standards. The units which the standards 
define are called international units. Theoretica1ly, 
the international units are supposed to equal the 
absolute units, and so they do to the nearest de
gree attainable at the time the standards are con
structed. But improved methods of measurement 
which permit greater precision are constantly 
being developed, so it is not unusual for discrep
ancies to be found between the international and 
the absolute units. In time, more precise instru
ments are accepted as international standards-in 
place of the old, but the interval of delay is usually 
quite extensive. As a result, where measurements 
of optimum precision are being made, knowledge 
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of the exact degree of accuracy obtained is often 
obscured due to ambiguity regarding the accuracy 
of the reference units used as standards. Aiding 
the chance for ambiguity is the fact that each 
country has its own primary standards for do
mestic uniformity which may or may not be cor
related with the international standards. 

2-71. In the United States the national standards 
are controlled by the National Bureau of Stand
ards, Washington, D. C. The official units of the 
United States are based on the yard-avoirdupois 
pound-second system of weights and measures 
rather than the meter-kilogram-second interna
tional system, but are, nevertheless, defined abso
lutely in terms of the international units. For ex
ample, the United States absolute yard is defined 
as equal to 360013937th of the international 
meter. Presumably the physical primary standard 
for Jpngth at the Bureau of Standards is one that 
has been carefully correlated with the Interna
tional Prototype Meter at Sevres. (The Interna
tional Prototype Meter is the distance at 0° centi
grade between two fine transverse lines engraved 
on a platinim-irridium bar. This international 
primary standard was originally intended to rep
resent an absolute unit of one ten-millionth of the 
distance between the north pole along a meridian 
to the equator. The absolute meter now is defined 
to equal 1,533,164.13 wavelengths in air at 760 
mm pressure and 15° centigrade of the 1·ed line 
exhibited by cadmium (vapor) during electrical 
discharge.) 

2-72. Within the United States, the primary stand
ard for a particular unit is officially the standard 
maintained by the National Bureau of Standards. 
Other official measuring devices are called second
ary standards since they must be correlated with 
the national primary standards. For some units 
there have been established hierarchies of stand
ards. Each office has its own standard, which is 
checked against a local standard, which, in turn, 
is checked against a regional standard, and so on 
up to the national primary standard. Such is the 
system used in meteorological stations in respect 
to a sequence of correlated barometers of ascend
ing accuracy. A similar system of standards is not 
readily available for all the types of measure
ments normally required in the testing of crystal 
units. The standards available are a mixture of 
various orders of accuracy and officialty. In the 
list of equipments in paragraph 2-67 we have 
arbitrarily classified as primary standards those 
standards of maximum accuracy that are not used 
in the actual crystal tests, but are employed only 
by calibrating, adjusting, or in some way correlat-
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ing the instruments that are being used as refer
ence standards in making the actual measure
ments. These latter instruments, whether or not 
they are periodically checked against another 
standard, we designate as reference standards. 

PRIMARY FREQUENCY ST AND ARD 
2-73. To determine the frequency of any periodic 
event we must measure the number of times the 
event occurs during a given unit of time, or reci
procally, measure the number of time units con
tained in the duration of a given number of events. 
By either method the accuracy of the measure
ment will depend upon how accurately the unit of · 
time i!> known. Unfortunately, we cannot freeze 
an interval of time and preserve it as a standard, 
so instead we rely upon the conservation of mo
mentum to provide our standard. This is possible 
since a rotating body, if not acted upon by net 
external tangential forces, will turn through equal 
angles in equal intervals of time. The rotating 
earth is the internationally accepted time stand
anl, there being no specially constructed standard 
as for the other fundamental units. The interna
tional unit, which is also the U. S. standard unit, 
is the second, which is defined to be I/86400th of 
a mean solar day. A solar day is the noon-to-noon 
time between succeeding instances in which the 
center of the sun crosses the meridian of a fixed 
earth observer, as distinguished from a sidereal, 
or star, day. The former is the period of the 
earth's rotation on its own axis relative to the 
sun, whereas the latter, a slightly shorter time 
interval, is the period of the earth's rotation rela
tive to the celestial universe. The sidereal day is 
essentially the same interval of time throughout 
the year, but the solar day fluctuates constantly 
and must be averaged over a long period. Actu
ally, the earth is slowing down perceptibly due to 
the frictional losses of energy resulting from the 
tides; but its motions are now so well known and 
predictable that solar time can be estimated to 
accuracies on the order of one part in 1 OR. 
2-74. In the measurement of time, for each transit 
of the earth through a mean solar angle of one 
second, one standard. cycle occurs; so that one 
complete rotation of the earth can be viewed as 
a sequence of 86400 standard cycles. Now, a radio 
signal is also a sequence of cycles. Should we call 
a given sequence a "frequency standard," instead 
of a "time standard", let it be clear that in chang
ing the name we in no way change the nature of 
the phenomenon that the name symbolizes. If a 
radio signal can properly be described as a "fre
quency", so also might we describe a sequence of 
inch marks. If our unit of space-length is the 



yard, we can describe the length of the inch by 
comparison with the length of the yard by saying 
that the "frequency" is 36 inches per yard. But 
note that the number 36 is simply a ratio between 
two lengths. Where the sequence of marks is some
thing absolute in matter, their frequency is a 
mental comparison in an observer's mind. Simi
larly, it can be said that a sequence of radio cycles 
has an inherent material reality, but that the 
cycle frequency is only an observed relation of 
the duration of a cycle compared with that of a 
standard cycle. Thus; a signal of 100 kc per second 
means that, if compared with the period of one 
standard cycle, the period of one radio cycle is one 
hundred thousandth part. If this signal is defined 
as a frequency standard, it means that the period 
of its individual cycles are to be considered stand
ard secondary subunits of the second, in much the 
same sense that standard inch marks are con
sidered subunits of the yard. For it is as a stand
ard unit of time that a frequency standard is used 
in the measurement of unknown frequencies. The 
measurements are made by comparing the periods 
of unknown duration with the periods of standard 
duration, and then interpreting the measurements 
in terms of frequency. 
2-75. A standard frequency cannot be assumed to 
have an absolute value of greater precision than 
either of the two unit cycles of which it is a ratio. 
That is, the accuracy of the absolute value cannot 
exceed the stability of the frequency-control de
vice nor the accuracy of the fundamental unit of 
time. Some oscillators have a short term stability 
so perfect that over short periods of time unknown 
frequencies can be measured relative to the fre
quency standard with much greater precision than 
the absolute frequencies can be known relative 
to the international unit of time. If such oscilla
tors could maintain their stability without slow 
drifts with aging, they could conceivably replace 
the solar standard in establishing an international 
prototype unit of time. At the present time such 
oscillators are not available, but the great stabil
ity of atomic and molecular frequencies and the 
recent developments in the methods of exciting 
and detecting them, such as the experiments with 
ammonium clocks at NBS, suggest that eventually 
perhaps an atomic international time standard 
will replace the solar standard.* 

2-76. The national primary frequency standard is 
a battery of 100-kc crystal oscillators controllE><l 
by G elements at the National Bureau of Stand
a;·ds. Use of this standard is readily available to 
anyone living in the region immediately surround
ing Washington, D. C., since the output of the 
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standard is used to control the sequence of stand
ard signals continuously broadcast from stati-0n 
WWV. The WWV standard signals (see figure 
2-87) are at radio frequencies of 2,500 kc, 5,000 
kc, 10,000 kc, 15,000 kc, 20,000 kc, and 25,000 kc 
and are available by tuning a receiver to any one 
of these channels. At regular intervals, whose 
duration serves as a national time standard, the 
WWV signals are modulated by standard audio 
frequencies of 440 cps and 600 cps, which can be 
used in calibrating an interpolation oscillator. For 
the calibration of r-f standards only the 30-second 
c-w intervals are employed. 

2-77. The national primary standard can be as
sumed to have a relative stability on the order of 
1 part in 10" over any 24-hour period, but the 
absolute frequency, the number of cycles per in
ternational unit of time, cannot be guaranteed be
yond an accuracy of 1 part in 10". An additional 
restriction is that this accuracy is only possible 
if the standard signal is being received as a 
ground wave. If a sky wave is being received the 
constantly varying pathlengths due to movements 
of the ionosphere create doppler effects, so that 
the received signal is randomly frequency modu
lated. t Eventually, it is to be hoped that a chain 
of relay stations can make available WWV ground 
signals in all parts of the country. At the present 
time, one slave station, WWVH, is maintained in 
the Territory of Hawaii. If top precision fre
quency measurements are to be made in localities 
remote from both WWV and WWVH, the engi
neer should have available a high-stability secon
dary standard which can be periodically brought 
to Washington and checked against the official 
primary standard. For the calibration of stand
ards having short-term instabilities greater than 
2 or 3 parts per 108

, the WWV and WWVH sky 

• The most recent definition of the second that has been 
approved by the International Astronomical Unio~ is 
contained in the Excervts from Meeting of International 
A.,trmwmical Union, Dublin, lre/,ind, August 29 to Sep
tem/,er 5, 19.5.5. We quote: "The General Assembly of the 
I. A. U. approves the definition of the second proposed 
bv the Comite International d£>s Poids et Mesures, as fol
l,;ws: The s<'cond is the fraction of l /315,569,259,474 of 
the length of the tropical year for 1!)00." Additional in
formation is C'ontained in the National Bureau of Stm1d
a.rrls Report No. 111411 under the title, "Spectral Lines as 
Frequency Standards." 

t If special equipment is available for counting the 
sky-wave cycles over relatively long intervals of time----
l-second intervals, for example--the random frequency 
variations tend to average out, so that the percentile 
enol' introrluced by ionospheric deviations can be made 
relativti'ly negligible. A number of systems for accomplish
ing this are possible. Essentially the problem 1s to com
pare WWV seconds pulses with similar pulses derived 
from the local secondary standard, adjusting the fre
quency of the latter until an equality is e!!tablished. For 
one solution to the problem see paragraph 2-92. 
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WWV (2.5, 5, 10, 15, 20, 25 MC} 
WWVH ( 5, IO, 15 MC) 

RADIO PROPAGATION DISTURBANCE 

-----1:i~= .. ~~~ -----
PAST EACH HOUR* 

WWVH 

' ' ' 60MIN 

WWVN IS SILENT FOR 34 ~ 
MINUTES DAILY STARTING AT l900 UT 

I IIAOIO PROPAGlTION DISTURBANCE 

START :':,.~~~TE~~T ~~~• tkiR H EICl 

t 

ONE MINUTE ONE Mll\lUTE 
ANNOUIICEMENT ONE MINUTE llNliOUNCEMENT /INNQU'jCEl\o1ENT 

w::,vAL uN1NTERRUPTE0 cw INTEf AI.S INTEIRVAL 

"OALL I.ETTERS UT EST \ /" 
O 30SEC \ ~~g (CODE) (\IOICEl r 60SEC 

wwv~• llllf I uN1NTERRUPTED cw j 
UT AIC) CALL LETTERS (CODE) 

NOTE I : NO PULSE IS TRANSMITTEO AT THE BEGINNING OF THE LAST SEOONO Of' EACH MINUTE. 
NOTE2: ~ATION l'R[QUENCIES ARE ALTERNATE 600'v AlfO 440'v lONES. 
NOTE3: UT IS UNIVERSAL TIME !SAME AS GREENWICH MEIIN TIME). 

Figure 2-87. Chart showing standard time and frequency signals broodc:ast by Stations WWV and WWVH 
(Subiect to chongel 

waves are satisfactory. These can be received on 
one channel or the other throughout the U.S. 

PRIMARY CRYSTAL TEST SET 
STANDARDS 
2-78. The specifications of Military Standard crys
tal units require that they be tested in standard 
reference sets. The primary standard test sets are 
Government-maintained models of the following 
types of crystal impedance meters : 

Crystal Impedance Meter 

TS-710/TSM 
TS-537/TSM 
TS-330/TSM 
TS-683/TSM 

Frequency Range 
(kc/sec) 

10 to 1100 
75 to 1100 

1000 to 15,000 
10,000 to 75,000 

(CI Meter TS-537/TSM listed above is expected 
eventually to be replaced entirely by TS-710/ 
TSM.) For Government laboratory tests, the pri
mary standard sets are generally used as the 
actual test reference circuit in which the crystal 
is inserted. This is not true in the case of produc
tion-line and quality-control tests to be made by 
manufacturers. Here, the Government furnishes 
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primary standard test sets to a manufacturer only 
for the purpose of correlating the reference test 
circuits used by the manufacturer. Even the Gov
ernment inspection tests of sample lots of crystal 
units are made with the manufacturer's reference 
sets and not with the primary standards. When 
initially obtaining his reference test sets, the 
manufacturer may build them himself, duplicat
ing the primary-standard circuitry, or he may 
purchase Military Standard test sets in the com
mercial market. But the fact that such sets are 
used for routine tests in production control offi
cially rules out their classification as primary 
standard sets. 

PRIMARY LOAD-CAPACITOR STANDARD 
2-79. For routine measurements, the load capaci
tor contained in each standard CI meter can be 
considered sufficiently accurate to use without 
special correlation with a primary standard. How
ever, when precision measurements are required, 
or when any significant deviation in the calibra
tion of the standard test set should seem to occur, 
there should be available an external precision 
standard capacitor with which the test set capaci
tor can be correlated. A suitable capacitor to serve 



as a standard is Precision Capacitor Type 722-D, 
General Radio Co., or its equivalent. 

PRIMARY CALIBRATED-RESISTOR 
STANDARD 

2-80. In order to check the accuracy of the cali
brated resistors used in adjusting the crystal test 
sets, it is desirable that a precision r-f resistance 
standard be available. The standard should be 
adaptable for use in a radio-frequency bridge. For 
this purpose, it is generally convenient to employ 
a bridge circuit in which a precision resistor 
standard is incorporated in the design as a com
ponent part. See paragraph 2-108. 

PRIMARY TEMPERATURE STANDARDS 
2-81. The boiling and freezing points of distilled 
water, with due regard for the atmospheric pres
sure, permit more than ample precision as a pri
mary standard for routine calibrations of the 
temperature measuring equipment. Normally, the 
absolute barometric pressure at the time of test
ing need not be noted--only the mean pressure 
for the local elevation above sea level. 

Reference Stand•ds 

SECONDARY FREQUENCY STANDARD 
2-82. In those areas not reached by WWV ground 
waves, the crystal frequency measuring equip
ment should include a secondary frequency stand
ard capable of a relative stability of 1 part in 10" 
per day or better. A high-precision secondary 
standard is also desirable, of course, even when 
WWV signals are constantly available. But in this 
case, a standard of less stability, if correlated fre
quently with WWV, can be as dependable as a 
maximum-stability unit that is correlated only 
after long intervals of operation. It is the sec
ondary standard that is used to control the periods 
of the known cycles against which those of the 
unknown signal are to be compared. 
2--83. A large number of high-precision standards 
are available on the commercial market. Of these, 
one that appears the equal, if not the superior of 
any other in aging stability is the James Knights
Sulzer frequency standard, developed jointly by 
the James Knights Co. and P. G. Sulzer of the 
National Bureau of Standards. This standard is 
used in the development of USAF frequency 
standards to measure fractional deviations in fre
quency to an accuracy of 1 part in 1 on per day. 
For this degree of precision two Knights-Sulzer 
standards are used and each, once turned on, are 
never turned off. The crystal frequency to be 
measured is checked against each standard and 
the standards checked against each other. The 

WADC TR 56-156 545 

Section II 
Militury Speciflcations 

high precision obtainable is due in large part to 
the use of evacuated glass holders in the fabrica
tion of the crystal units employed in the stand
ards, and in the extreme care used in the cleaning 
stages. The aging data for a 1-mc standard oper
ated continuously from a constant-emf mercury 
cell at the Knights laboratories showed a net fre
quency shift from 999,999.5 cps to 999,999.7 cps 
between November 27, 1953 and March 8, 1955. 
During this period the frequency fluctuated both 
above and below the starting frequency by 
amounts greater than the 2 parts per 107 indicated 
for the total period; so that although a tendency 
for neither a positive nor a negative aging drift 
is indicated definitely for long periods of time, the 
stability over shorter intervals must be assumed 
to be less than the long-term average. During a 
2-month test by the Signal Corps, one crystal unit 
of the type used in the J.K. frequency standard 
exhibited a stability of 1 part in 108 per week; 
another unit, 3 parts in 10~ per week. 
2-84. Where reference standards with stabilities 
on the order of 1 part in 10x per day are satisfac
tory, a representative type is the 100-kc frequency 
standard, R-F Oscillator O-76/U, of the Western 
Electric Co. Signal Corps engineers report that 
the O-76/U oscillator, after aging, can be expected 
to have a frequency stability on the order of 1 
part in 10" per day. 

AUDIO-FREQUENCY REFERENCE 
STANDARD 
2-85. The a-f reference standard is a variable in
terpolation oscillator that is used as a difference~ 
frequency reference standard in measuring audio 
beat frequencies and as a frequency-deviation 
reference standard for calibrating the frequency
deviation meter and recorder. The conventional 
method of measuring radio frequencies is to mix 
the unknown signal with a harmonic (or a sub
harmonic, or a harmonic of a subharmonic) of the 
fundamental of the secondary frequency standard. 
A difference frequency in the audio range is ob
tained and compared 'With the output of the vari
able audio-frequency ( interpolation) oscillator. 
The latter is adjusted until its frequency is equal 
to the unknown difference frequency. The tuning 
dial of the variable oscillator will have been cali
brated to permit an interpolated reading of the 
difference frequency, which can then be added to 
or subtracted from the standard harmonic to give 
the unknown frequency. The variable oscillator 
will previously have been correlated with the fre
quency standard at one or more representative 
check points, in reference to which the v-f-o tuned 
frequency can be interpolated. 
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2-86. As a frequency-deviation reference stand
ard, these calibrated check points of the interpola
tion oscillator are used in the correlation of the 
frequency-deviation meter and the frequency
deviation recorder prior to a temperature-run 
test. 

2-87. The interpolated frequencies, of course, are 
not as accurate percentagewise as the crystal
oscillator standard; but if the measured difference 
frequency is an extremely small fraction of the 
unknown frequency, the error introduced by the 
interpolation oscillator can be expected to be of 
much smaller magnitude in terms of cycles per 
second than the normal deviations of the crystal 
standard. If precision measurements of the differ
rnce frequencies are required, it would be prefer
able to count the cycles with a frequency counter 
directly controlled by a crystal standard, or to 
zero-beat the difference frequency with a vfo that 
in turn is continuously monitored by a crystal
standardized counter. A representative audio fre
quency reference standard is the 0-to-5-kc Inter
polation Oscillator Type 1107 A, General Radio Co. 

REFERENCE CRYSTAL TEST SETS 
2-88. As explained above in the discussion of the 
primary standard test sets, crystal manufacturers 
employ reference standard test sets for produc
tion-line and quality-control tests. The reference 
sets are CI-meter circuits that duplicate those of 
the primary standards, but which are usually 
modified somewhat and probably removed from 
their cabinet to permit convenient installation on 
or under a testing table in a production line. 
These reference test sets are correlated periodi
cally with the primary standard test sets by Gov
ernment inspectors. 

TEMPERATURE REFERENCE STANDARD 
2-89. Normally a pyrometer is used as a second
ary temperature standard for the purpose of cor
relating the cold box thermometer and other tem
perature gauges, and the crystal heating controls. 
The same pyrometer is also generally used as the 
indicator in measuring the crystal-unit tempera
ture during a temperature-run test. The sensing 
element of the pyrometer can be a thermocouple 
or a thermistor, the latter being the more accur
ate since the temperature reading will be inde
pPndent of the temperature of a room-temperature 
junction. Whichever is used, it should be mounted 
on the quartz plate of a dummy crystal unit in 
ordl'r to simulate as closely as possible the thermal 
paramett-rs associated with the crystals being 
tester!. The sensing element, being in series with 
the current win<lings of the pyrometer, causes the 
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deflection needle to follow the temperature 
changes of the dummy crystal plate. A separate 
dummy crystal unit should be available for each 
type of crystal holder being used in the tests. 
Where greater precision is required than is nor
mal for routine tests, the dimensions and mount
ing of the crystal in the dummy unit should 
closely simulate the dimensions and mounting of 
the crystal in the test unit. For this purpose, a 
dummy crystal unit should be available for each 
narrow range of frequencies for each type of 
crystal unit to be tested, instead of simply for 
each type of crystal holder. The pyrometer scale 
for each sensing element should be checked and 
correlated periodically against the primary stand
ard (boiling water and/or ice water). The scale 
should be calibrated in degrees centigrade. If a 
thermocouple is used, the current meter should be 
a microammeter; if a thermistor is used, a 0-1-
ma. meter could be used if the power dissipated 
in the dummy crystal unit does not exceed the 
drive level of the crystal being tested; but for 
minimum error, a microammeter is requisite, 
especially where very thin crystals are to be · 
tested. Preferably the current meter will be a 
component part of a temperature recorder. A 
typical thermistor is the Ney Co. model used to 
measure the dummy crystal temperature in a 
heater designed by E;. L. Minnich as a modifica
tion of a USAF-developed model. The thermistor 
is enclosed at one end of a sealed glass stem. Elec
trical connection is through two copper-wire leads. 
Approximately, the resistance varies from 2000 
ohms at room temperature to 400 ohms at 90°C. 
The dummy unit and the test unit are mounted 
side-by-side in the heater. For greater thermal 
contact with the dummy crystal blank, and hence 
for less lag in the temperature readings, the Fre
quency Control Group at W ADC employs a 
platinum-wire thermistor wrapped around the 
dummy blank. The W ADC heater designed by D. 
J. Theobald, is 1.5 in. diameter slug, 2.5 in. long 
which mounts the test crystal unit in one end and 
the dummy unit in the other. 

REFERENCE LOAD CAPACITORS 

2-90. The calibrated capacitor used as a standard 
for simulating the rated load capacitance of a 
parallel-mode crystal unit will be a component 
part of the CI meter used as a reference test set. 
Thus, it does not have to be supplied separately 
unless the test circuit is being constructed locally. 
A typical load capacitor is a calibrated1· variable, 
single-section, air-dielectric unit with a range of 
5 to 100 µ.µ.f. 



REFERENCE CALIBRATED RESISTORS 

2-91. A set of calibrated r-f resistors which covers 
the effective-resistance range of all Military 
Standard crystal units to be tested must be avail
able for use with those test sets which are not 
provided with an internal calibrated resistor set. 
The calibrated resistors do not have to be pre
cision standards, but they should have short leads 
and be composition (noninductive) types with 
tolerances of their nominal values not greater 
than plus or minus one per cent. The same resis
tors can be used in both the primary standard test 
sets and in the manufacturer's reference test sets. 
For test set adjustments of the drive level for 
crystal units of maximum effective resistance, it 
would be convenient to have available a set of 
maximum-resistance resistors mounted on crystal
holder plug-in bases. The standard Armed Serv
ices CI meter, TS-330/TSM, and also the limited
standard model, TS-537 /TSM, are internally pro
vided with calibrated decade resistor circuits and 
appropriate switching controls. External resistors 
are required for use with the standard CI meters, 
TS-710/TSM (which is replacing the TS-537/ 
TSM) and TS-683/TSM. 

lndicatiDCJ and RecordiDCJ Instruments 

FREQUENCY COUNTER OR METER 

2-92. Certainly, the quickest method for measur
ing a frequency with reasonably good accuracy is 
to feed the unknown signal to the input of a fre
quency counter and read the frequency directly. 
Representative units used in the crystal industry 
at the present time are the crystal-contro1Ied 
counters developed by the Hewlett-Packard Co. 
Typical models are the 5-digit 522B and the 8-
digit 524B. The principle of operation of these 
counters is essentially the same as that used by 
a doctor in measuring a pulse rate. It is not the 
frequency that is counted, but the number of 
pulses during a given length of time. A crystal 
oscillator is used as a time standard to measure 
accurately a given length of time, serving the 
same purpose as the doctor's watch. (The crystal 
standard provided with the Hewlett-Packard 
counter type 524A is reported to have an accuracy 
of 2 parts in 106 per week-for greater accuracy, 
input controls are incorporated to permit the use 
of an external frequency standard.) The crystal 
timing circuit controls a fast-acting flip-flop elec
tronic gate. When the gate is open, the input 
cycles of the frequency to be measured are passed 
through to a counting circuit. The gate-controlling 
circuit can be adjusted to keep the gate open for 
crystal-controlled intervals of 0.001 second to 10 
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seconds. If, for instance, the gate is open for one 
second, the number of input cycles passing through 
will equal numerically the unknown frequency. It 
is the problem of the counting circuit to count the 
cycles accurately. The counting is performed by a 
sequence of cascaded decade scalers, each of which 
operates its own indicating system. Each scaler 
generates one output pulse for every ten input 
pulses to the circuit. The first scaler divides the 
input cycles by ten and feeds its output to the 
second scaler. The second scaler divides by ten 
again, and passes its output on the third decade 
scaler. And so on to the last scaler. When the gate 
is closed, each scaler indicates by a neon lamp a 
digit representing the number of pulses it has 
just received from the preceding scaler which 
have not been passed on to the succeeding scaler. 
(In the H-P 524B, the first two scalers indicate 
by meters.) In other words, each scaler effectively 

· counts all the pulses it receives, divides by ten and 
passes the quotient on to the next scaler to count, 
and then shows the remainder by lamp light on 
the front panel. The observer can thus read the 
frequency directly. A decimal point is automati
cally positioned to give the reading in kilocycles. 
Before opening the gate for the next count, the 
gate flip-flop circuit resets the counting circuit. 
The counting accuracy is ± 1 count, or a maxi
mum of 1 part in lQd, where d is equal to the num
ber of digits shown. The frequency range of a 
single counter, without accessory circuits, is 0 to 
10 me. The addition of plug-in units can extend 
the range to 220 me. A plug-in amplifier unit per
mits an increase in inp,1t sensitivity from 1 volt 
rms, minimum, to 10 millivolts rms, minimum. By 
using the unknown frequency to control the elec
tronic gate and feeding the frequency standard to 
the input, the counter can be used to measure the 
period of the unknown signal in seconds, milli
seconds, or microseconds, with the decimal point 
automatical1y positioned. A counter also permits a 
ready method of utilizing WWV sky-wave signals 
as a primary standard having almost the same 
dependability as is possible with WWV ground 
signals. Since the random frequency deviations of 
the sky wave can be expected to average out over 
a relatively long period of time-a second is a 
sufficient interval, except possibly in times of 
severe ionospheric storms-the WWV sky signals 
can be received, amplified, and divided (if neces
sary) for use as a timing standard to control the 
electronic gate of a counter at intervals of 1 second 
or greater. With the one-second intervals as meas
ured by the sky wave practically as accurate as 
those of the ground wave, the counter ca.n thus be 
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used to give a precision reading of the local sec
ondary standard frequency and permit its cor
relation with the WWV primary standard. The 
\otal accuracy, of course, cannot be greater than 
the counting accuracy, which, in turn, increases 
::>y a factor of 10 for each digit shown. For a 
counting accuracy between 1 part in 108 and 1 
part in 10°, a minimum of 8 digits must be indi
cated in the counter reading. 
2-93. Other types of frequency meters in wide'.
spread use are those of the older heterodyne v-f-o 
type. The variable-frequency oscillators are peri
odically calibrated at standard-frequency check 
points. The unknown signal is mixed with the 
v-f-o signal, the latter being varied until a zero 
beat is obtained. The beat note can be indicated 
either aurally or visual1y. With precision dialing 
of the vfo and careful interpolation between the 
standard harmonic check points, quite high accur
acies can be obtained. The closer the check points, 
the nearer the measuring accuracy approaches 
the accuracy of the check-point standard. With a 
Jisual ( oscilloscope) indication of the null heter
'>dyne point this approach can be quite close. The 
;,verage v-f-o heterodyne frequency meter, never
theless, is less accurate than those measuring sys
tems that employ the frequency standard, itself, 
to heterodyne directly with the unknown fre
quency. Representative heterodyne frequency 
meters are Frequency Meter F'R-4 and Frequency 
Meter Set SCR-211 ( ) . 
2-94. Direct-reading frequency meters employing 
frequency-divider circuits, which can be calibrated 
against (but not controlled by) frequency stand
ards, are also in use. The precision of such meters 
is generally not satisfactory for any but low
frequency crystal measurements. In the audio 
range such meters are quite useful. (See Fre
quency-Deviation Meter, paragraph 2-96.) 
2-95. As for the use of wavemeters, they are en
tirely too inaccurate for ordinary crystal meas
urements. Such meters, being little more than a 
tuned series circuit with a resonance indicator, 
are, of course, relatively inexpensive and easy to 
construct. For very-low-frequency measurements, 
where broad tolerances are permissible, a wave
meter conceivably could find a useful application 
if the expense of a more accurate meter is un
warranted. 

F'REQUENCY-DEVIATION METER 
2-96. The frequency-deviation meter is a conven
tional electronic frequency meter to be correlated 
with the interpolation oscillator. Its principal pur
pose is to provide a direct reading of the differ
ence frequency obtained when the frequency of 
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the crystal under test is mixed with the standard 
test frequency. Since the difference frequency that 
would result if the crystal frequency equaled its 
nominal value is known, the frequency deviation 
is readily measured as the difference between the 
actual meter reading and the hypothetical nomi
nal reading. The frequency-deviation meter should 
also provide an adjustable d-c output for feeding 
the frequency-deviation recorder. 
2-97. The input signal to a typical electronic fre
quency meter is first amplified to a given level 
and limited so that each cycle has a predetermined 
amplitude. A counting circuit follows, which 
serves to trigger a current pulse of fixed charge 
that flows through the meter windings. The meter 
reading will thus be directly proportional to the 
number of current pulses per second, which in 
turn will be directly proportional to the number 
of input cycles per second. 
2-98. A representative frequency-deviation meter 
is the Hewlett-Packard Frequency Meter Type 
500A or 500B. The latter has a range of O to 100 
kc; the former extends only to 50 kc. A phone 
jack on the panel permits connection to a 1-ma., 
1400-ohm frequency-deviation recorder. The input 
sensitivity is 0.2 volt rms, minimum. 

FREQUENCY-DEVIATION RECORDER 
2-99. An automatic recorder is required to pro
vide a graphical record of the deviation in fre
quency as the temperature of the crystal unit 
being tested is made to vary over the rated oper
ating range. As a strip of graph paper uniformly 
unwinds, a stylus, or an equivalent device, is actu
ated by an input from the frequency-deviation 
meter in such a way that the frequency measure
ments are continuously recorded on the graph. 
Additional current pulses at regular temperature 
intervals from a temperature recorder can serve 
to calibrate the abscissa of the graph in degrees 
centigrade. Before testing each type of crystal 
unit at a given frequency, the recorder must be 
correlated with the frequency-deviation meter and 
the temperature recorder. A representative am
meter recorder is the Esterline-Angus Automatic 
Recorder Model AW, which has a 1-ma. (de), 
1400-ohm (plus or minus 100 ohms) input. 
OSCILLOSCOPE 
2-100. The oscilloscope is used to provide a visual 
check when correlating the interpolation oscillator 
against a crystal standard, and when measuring 
a difference frequency with the aid of the inter
polation oscillator. For either cf the above uses, 
the horizontal plates of the oscilloscope are con
nected to the output of the interpolation oscillator 
and the vertical plates are connected to the output 



of the receiver. The operator adjusts the interpo
lation oscillator to obtain a fixed image on the 
screen, at which point he can either calibrate the 
interpolation oscillator against a known receiver 
output, or interpolate an unknown receiver output 
from the oscillator calibration. A representative 
oscilloscope is the Dumont Type 241. 
GRID-CURRENT METER 
2-101. All standard Armed Services CI meters 
are equipped with a front panel grid-current 
meter except the TS-710/TSM, which is provided 
with a vacuum-tube voltmeter. For the reference 
test sets not provided internally with a grid
current meter, an external meter must be pro
vided. The meter is used principa1ly in correlating 
the grid excitation of the reference circuit with 
the effective resistance of the crystal unit. It is 
then used to correlate the effective-resistance re
corder against the reference grid-current levels 
for maximum specified and minimum expected 
values of resistance. A representative meter is 
the JAN type Meter MR26W200DCUA (0 to 200 
p.a.). 

EFFECTIVE-RESISTANCE RECORDER 
2-102. A recorder is used in the testing of Mili
tary Standard crystal units to automatically plot 
on graph paper the deviations in crystal resist
ance as the temperature is varied over the operat
ing range. The recorder stylus is to be actuated by 
the d-c current in the grid circuit of the reference 
test set. If the recorder is sufficiently sensitive, 
the grid current may be used directly; otherwise 
a d-c amplifier should be employed. The minimum 
grid current, and hence the minimum excitation 
of the recorder, occurs when crystal units of maxi
mum resistance are being tested. By previously 
correlating the recorder with the maximum
resistance grid-current level, the graphical record 
will indicate whether the resistance of any crystal 
unit exceeds the rated maximum at any tempera
ture. By also feeding the effective-resistance re
corder input pulses from the temperature recorder 
at regular temperature intervals ( every 6 degrees 
centigrade is normal), the abscissa of the resist
ance graph will be calibrated in temperature de
grees. A recorder of the Esterline-Angus type, 
described in paragraph 2-99 as representative of 
the models satisfactory for recording the fre
quency deviation, is also satisfactory for record
ing resistance deviation; but a d-c amplifier might 
be required to provide the necessary sensitivity. 
A representative recorder sufficiently sensitive to 
operate at the microampere leve] is the O-to-6-,,.a 
Photoelectric Recorder Model BCEIELIB-1 of the 
General Electric Co. 
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ELECTRONIC A-C VOLTMETER 
2-103. An a-e voltmeter is required to measure 
the voltage across the crystal units under test 
when determinations of the drive level are de
sired. Care must be taken that the voltmeter 
causes no significant imbalance or disturbance of 
the tuned CI-meter circuit. Because of the ex
treme sensitivity of the test circuits, particularly 
at the higher frequencies, conventional a-c volt
meters are not satisfactory for such measure
ments. Only those meters of maximum input im
pedance and sensitivity should be used. Even then, 
unless the voltmeter circuit is a differential type, 
the voltmeter leads should not be connected di
rectly across the crystal unit, as the unmatched 
impedances to ground of the two leads can cause 
the test-circuit frequency-and hence the crystal 
impedance and volt.age--to change. The proper 
method would be to measure the voltage from 
each crystal-unit terminal to ground separately, 
making certain that the act of measurement does 
not in itself change the test frequency of the crys
tal. The voltage across the crystal unit, of course, 
is equal to the difference between the two meas
ured voltages. Suitable vacuum-tube voltmeters 
are the equivalent of Multimeter TS-605/U or 
the Hewlett-Packard Electronic Voltmeter Model 
410B. To be preferred would be a differential 
vacuum-tube voltmeter such as Voltmeter ME-56 
( ) /TSM. (The ME-56 ( ) /TSM should not be 
used above 60 me unless special calibration pro
cedures are employed.) 

DUMMY-CRYSTAL-UNIT PYROMETER 
2-104. This is the same pyrometer that is de
scribed above as a secondary reference standard 
used in the correlation of the other temperature 
indicators and controlling devices. It is also used 
during the temperature-run tests as an indirect 
indicator of the crystal-unit temperature at each 
instant. The sensing element (thermistor, prefer
ably, or thermocouple) is mounted on the crystal 
plate in a dummy crystal unit simulating the 
holder and construction of the crystal unit under 
test. The heater, which mounts the test crystal 
during the temperature run, should provide an 
equivalent mounting position for the dummy unit. 
The temperature thus indicated by the pyrometer 
can then be considered a reasonably close approxi
mation to the simultaneous mean temperature of 
the test crystal. 

COLD-BOX THERMOMETER 
2-106. Except when mass quantities on a produc
tion line are being tested, it is usual for only one 
crystal unit to be tested during a temperature 
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run. For this purpose a thermostatically con
trolled cold box is adequate for cooling the crystal 
unit to the low-temperature limit. When the tem
perature run for an individual unit is ready to 
begin, the unit is removed and mounted in a 
heater. To make certain that the temperature of 
the cold box is correct, a thermometer must be 
provided which has previously been corre1ate<l 
with the pyrometer reference standard. The cold
box thermostat is then adjusted to maintain the 
correct reading on the thermometer. 
2-106. When multiples of perhaps a dozen crystal 
units are to be given a temperature-run test si
multaneously, the cold box and heater are usually 
replaced by a single chamber which can be cooled 
and heated as desired by a thermostatically regu
lated air stream. Even so, a thermometer peri
odically correlated with the reference pyrometer 
should be in view to give an accurate indication 
of the crystal chamber temperature when making 
thermostatic adjustments and starting a tempera
ture run. Any medium-precision mercury ther
mometer, such as those used by chemists in meas
uring reaction temperatures, is satisfactory, pro-
vided the calibrated scale covers the necessary 
temperature range. 

Q METER 
2-107. A Q meter is required for calibrating the 
reference test load capacitors against the pre
cision standard. The Q meter should be equipped 
with a standard inductance coil. A representative 
model is Q Meter TS-617 ( ) /U. 

R-F BRIDGE 
2-108. An accurate r-f bridge is required in the 
correlation of the calibrated resistors used as ref
erences when measuring the effective resistance 
of crystal units and when adjusting the test sets 
to suitable drive levels. The standard resistors, 
against which the reference resistors are to be 
cheeked, are preferably component parts of the 
r-f bridge. A satisfactory bridge would be the 
equivalent of R-F Bridge Navy Type No. 60094. 

EARPHONES OR LOUDSPEAKER 
2-109. Earphones and/or a loudspeaker are desir
able as fre<1uency indicators when rapid fre
quency checks are to be made and neither record
ings of temperature runs nor great precision is 
requir<'d. Audio measurements, made by zero-
beating the crystal frequency against a known 
frequency, are particularly suited to certain pro-
duction-line stages. For example, when plating or 
etching a crystal to frequency, an audio check is 
usually tht' simplest procedure to ensure that the 
crystal does not overshoot its mark. In laboratory 
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tests, the radio receiver speaker has many uses, 
such as providing the aural check when zero-
beating the secondary frequency standard against 
WWV signals. 

Auxiliary Amplifiers and Frequency Converters 

RADIO RECEIVER 
2-110. A cw-mew receiver is required for the re
ception of WWV signals and for use as a band
pass amplifier, mixer, detector, and audio ampli
fier of the various signals used in the measure
ment of crystal frequencies. Other than its use as 
an r-f amplifier of the antenna signals received 
from WWV, the receiver serves chiefly as a 
mixer-amplifier of the standard frequency and 
the unknown frequency, and as the detector and 
amplifier of the resulting audio beat frequency. 
The r-f tuned circuits, of course, also perform the 
function of filters in rejecting the amplification 
of all but the desired band of input frequencies. 
For fast, approximate checks of frequency ad
justments, such as when initially tuning a test set 
to a given nominal frequency, the receiver can be 
tuned to the desired frequency, the bfo turned on, 
the output indicated by an audio or visual indi
cator, and the oscillating circuit adjusted to a 
zero beat. For low-frequency measurements, Ra
dio Receiver BC-342 ( ) or BC-348 ( ) or an equi
valent is satisfactory. For higher frequencies, a 
receiver such as the Hammarlund Model SP-600, 
with a range from 0.55 to 54 me, is adequate. 

HARMONIC GENERATORS 
2-111. Other than a precision secondary fre
quency standard, a crystal-test laboratory gener
ally has the need for a number of auxiliary fre
quency generators and harmonic multipliers. For 
some purposes, these generators, although requir
ing crystal control, need have only a medium de
gree of stability-a few parts in 10° being suffi
cient. For example, in correlating a reference load 
capacitor with the precision standard capacitor, 
a 400-kc crystal-controlled generator of medium 
stability is desirable for use with the Q meter. 
Such a generator could be a Signal Generator TS-
497 /URR, or its equivalent. Generally, for multi
purpose work, a frequency generator is preferred 
that can be switched from medium-precision 
internal control to high-precision external control 
when harmonics of the precision standard are 
required. When a harmonic generator is con
trolled by the principal frequency standard, the 
output of the harmonic generator in effect be
comes the frequency standard with which the 
measurements of the unknown frequency are to 
be made. Although it would be desirable to have 



selector circuits so that all harmonics are re
jected except the particular one selected, such a 
degree of perfection is not economically practica1 · 
except where the utmost precision is to be com
bined with maximum speed of measurement. 
Nevertheless, harmonic generators of this nature 
are commercially available. (See the discussion of 
the Plessey Frequency Synthesizer in Section I.) 
The harmonic generators most generally found in 
crystal-test laboratories do not provide sine-wave 
outputs, but outputs rich in all harmonics simul
taneously. Where subharmonics, and harmonics 
of the subharmonics, of the precision standard 
are required, the harmonic generator must be de
signed for frequency division of the controlling 
standard-that, or else a separate frequency di
vider must be provided for installation between 
the standard and the harmonic generator. When 
the fundamental of the harmonic-generator out
put is the fundamental of the frequency standard, 
the generator design need consist of no more than 
conventional untuned class C amplifiers or multi
vibrators. When the fundamental of the harmonic
generator output is to be a higher multiple of the 
standard fundamental, tuned amplifier-multiplier 
stages must precede the final harmonic-generator 
output amplifier. If the tuned-multiplier circuit 
is not an inherent part of the harmonic-generator 
unit design, the circuit must be supplied sepa
rately. 
2-112. For the calibration of the audio-frequency 
interpolation oscillator, a 1-kc harmonic generator 
is desirable but not necessary. A 10-kc harmonic 
generator can be used for calibrating the a-f oscil
lator just as easily, and at the same time provide 
a standard harmonic sequence for measuring low 
and very low frequencies. For this latter purpose, 
as an aid in identifying the exact multiple of 10 
kc by which a given beat frequency is obtained, 
it is helpful, but not mandatory, that the same 
unit be capable of generating harmonics of 9. kc 
and 11 kc. A harmonic generator providing 9-10-
11-kc outputs is the CV-118, developed by the 
Washington Institute of Technology. 
2-113. The principal function of a 10-kc harmonic 
generator as a frequency standard is to ensure 
that, on mixing its output with the unknown sig
nal, one of the resulting difference frequencies 
will be not greater than 5000 cps, and hence can 
be measured to an accuracy of a cycle per second 
or better with the aid of an interpolation oscilla
tor and an oscilloscope, and to a somewhat lesser 
accuracy with a frequency-deviation meter and/ 
or a recorder. 
2-114. When frequencies are to be measured that 
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are higher than the useful harmonic range of the 
10-kc generator, they can be reduced to the 10-kc
harmonic range by frequency division, or by 
heterodyning with a higher-frequency standard to 
obtain a low difference frequency, which, in turn, 
can be mixed with the 10-kc harmonics to obtain 
a difference frequency in the a-f range. The latter 
method of mixing the unknown frequency first 
with a high-frequency standard and then with a 
10-kc harmonic does not necessarily require two 
separate mixing stages. The 10-kc harmonics and 
the higher-frequency harmonics can be mixed 
simultaneously with the unknown. A receiver is 
used to detect the audio beat note. It is only 
necessary that the mixing circuit precede the 
superheterodyne mixing stage of the receiver; 
otherwise the beat note will follow all variations 
of the receiver local oscillator. For example, the 
standard frequencies should not be used to replace 
the b-f-o frequency of the receiver, unless the 
receiver happens to be .a tuned r-f type. 
2-115. Now, if a given harmonic of 10 kc permits 
an audio beat frequency of fi. an adjacent har
monic will provide another audio beat note eqdal 

· to 10 kc minus f 1• The beat note of interest is the 
one less than 5 kc. To restrict all higher beat 
frequencies, the receiver should be provided with 
a low-pass audio filter in the output with a sharp 
cutoff at 5 kc. In the event that the two lowest 
beat frequencies are both approximately equal to 
5 kc, the 9-kc or 11-kc harmonics should replace 
the 10-kc standard. 
2-116. The principal frequency standard probably 
will have a fundamental of 50, 100, or 200 kc, 
with the 100-kc fundamental being the most com
mon. Harmonics of the low-frequency standard 
can be mixed with the 10-kc harmonics for meas
urements in the medium-frequency range and in 
the high-frequency range up to 10 me, if desired. 
Generally h-f harmonics will be present •in the 
principal frequency-standard output in sufficient 
strength that an external multivibrator or other 
type of harmonic generator, other than the 10-kc 
unit, is not required. However, if an external har
monic generator is necessary, it may well be that 
greater equipment efficiency can be attained if a 
generator fundamental higher than that of the 
principal frequency standard is employed. 
2-117. If a multivibrator is used to generate the 
10-kc signal, its useful harmonic range will nor
mally extend as far as the 100th harmonic. Be
yond this, unless frequency division of the un
known frequencies is to be used, a 1-mc harmonic 
generator can be used. The useful harmonic (not 
frequency) range of the 1-mc generator is gener-
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ally much less than an equiva]ent 10-kc generator, 
since the higher harmonics are in the v-h-f spec
trum and hence are more rapidly attenuated by 
distributed circuit losses. Thus, for the measure
ment of vhf's, if frequency division is not em
ployed, a harmonic generator of 10, 15, 20, or 
25 me should also be available. A representative 
1-mc harmonic generator is the JAN type CV-119, 
or its commercial equivalent, Frequency Genera
tor RA-35134, developed by the Washington In
stitute of Technology. A representative generator 
of high frequen{lies is the 15-20-26-mc frequency 
generator, JAN type CV-122, manufactured by 
the Reeves-Hoffman Co. 
FREQUENCY DIVIDER 
2-118. Where the frequency to be measured is 
higher than the range of the receiver, one of two 
means can be employed to lower the frequency of 
the unknown signal. The first is to heterodyne the 
unknown frequency with a known standard so 
that a difference frequency in the radio range of 
the receiver is produced. The difference frequency 
can then be measured by conventional methods. 
Th~ original unknown frequency can thus be com
puted from the measured difference frequency 
and the heterodyne standard. The second method 
is to divide the unknown frequency by a known 
amount, and then to measure the quotient fre
quency. Frequency dividers designed as separate 
units specifically for reducing unknown frequen
cies to more easily handled lower frequencies do 
not appear to be readily obtainable at the present 
time, at least, their availability is not widely 
advertised. However, there are available counter 
units, principally of the decade type, which can 
be used in frequency-measuring systems as fre
quency dividers. But such dividers. are not avail
able in the v-h-f range where they would be of 
most use. Free-running multivibrators which can 
be adjusted for synchronization at a subharmonic 
of the unknown frequency are probably the most 
effective method of frequency division of very 
high frequencies. A lock indicator meter should 
be provided which will show a sharp peak when 
an appropriate stage is tuned to synchronization 
with the control frequency. Although measure
ments of considerable accuracy can be made using 
frequency division, greater accuracy in the v-h-f 
range is generally possible if the conversion to a 
lower frequency is accomplished by the hetero
dyne method. 
VARI ABLE-RADIO-FREQUENCY 
OSCILLATOR 
2-119. An r-f oscillator continuously variable over 
the expected crystal-test range is always useful if 
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rapid frequency checks are to be made and the 
accuracy does not have to be of the utmost pre
cision. A vfo is particularly applicable when test
ing unfinished crystals along a production line. 
The frequency of the crystal unit under test is 
mixed directly with the v-f-o output, and one or 
the other is adjusted until a zero beat is obtained. 
Some method must be employed to check the 
accuracy of the known v-f-o frequency against a 
standard. This can be done periodically by crystal 
calibration, or continually by employing a crystal
timed counter. The vfo can be any standard signal 
generator of suitable range, such as Signal Gen
erator TS-497 /URR, for example. 

R-F AMPLIFIER 
2-120. R-f amplifiers are required as separate 
units wherever the r-f output from one equipment 
is not sufficient to provide the input level required 
by succeeding equipment. Such amplifiers are 
most likely to be required for boosting the inputs 
to counters, frequency meters, harmonic genera
tors, frequency dividers, and the like, particularly 
where relatively long cable distances are involved 
and the frequencies are high. 

D-C AMPLIFIER 
2-121. A d-c amplifier will be required if the d-c 
input necessary to properly activate a recorder is 
greater than that supplied by the respective sens
ing circuit. Where a d-c amplifier is most likely 
to be needed is to boost the input to the effective
resistance recorder, which, if not of microampere 
sensitivity, cannot provide a full-scale recording 
if activated directly by the grid current of a 
reference test set. 

SIGN AL CONTROL PANEL 
2-122. A central switching panel should be avail
able for facilitating the contro] of all the r-f 
equipment used in the crystal testing system. Con
trols should be provided to permit any desired 
heterodyning and routing of the outputs of the 
various frequency sources to be used in the tests. 
Attenuators and a mixer circuit are normally in
corporated in the panel design. Such is the design 
of the CV-120 mixing and switching panel. 
Switches are provided for selecting the appropri
ate CI meter, for selecting the signal from the 
appropriate frequency generator, for selecting at• 
tenuators for each signal, and for directing the 
output of the mixer to the receiver. Great care 
must be taken in the design of the control panel 
and the entire r-f signal system to provide ade
quate shielding of all circuits, and adequate r-f 
filtering of all power leads. If this is not done, 
stray frequencies will find their way into the 



radio receiver to confuse the measurements. It is 
also important that the signal levels be of rela
tively low amplitude. The control panel should be 
provided with suitable attenuators and amplitude 
controls. 

Aul&-, Test-Coatrol Devices and Test-Pknlt .._ 
2-128. In the list given in paragraph 2-67 for 
equipments used in measuring frequencies, these 
items classified as Au:riliary Devices for Control
ling Crystal Unit Test Conditions and as Test
Plant Fi:ttures, if not self-explanatory, are de
scribed functionally in the discussions of related 
test procedures and equipments : and so, will not 
be discussed additionally at this point. 

FRE9UENCY-MEASURING SYSTEMS FOR TESTING 
CRYSTAL UNITS 

2-124. Figures 2-88 to 2-94 illustrate by block 
diagrams a number of frequency-measuring sys
tems commonly used in laboratories and manu
facturing plants. For the reader who has followed 
the foregoing discussion of the equipments used, 
the illustrations should require only brief ex
planations. 

Heterodyne-Freque•cy-Meter System 
2-125. Figure 2-88 shows the system for measur
ing crystal frequencies with a heterodyne type of 
radio-frequency meter and earphones ( or speak
er). In the decade preceding World War II this 
method was by far the most commonly used for 
making relatively precise frequency measure
ments. The test frequency and the output of the 
r-f vfo are heterodyned in the r-f mixer. The 
coupling to the mixer from both frequency 
sources must be extremely loose so that the act 
of mixing the frequencies does not significantly 
affect the tuning of the respective circuits. The 
precision tuning dial of the vfo is adjusted until 
an audio beat note is detected and heard in the 
earphones. The vfo is further adjusted until a 
zero beat results. The adjustment region of the 
tuning dial in which no signal can be heard is 
approximately 40 cps wide, 20 cycles on each side 
of the true zero beat at the center. The true zero 
beat, which occurs when the v-f-o frequency ex
actly equals the unknown frequency, must be 
interpolated as the halfway point between those 
dial settings at which the operator can just hear 
an audible note, which occurs at approximately 20 
cps for the average person. By this method, an 
experienced operator can match the two frequen
cies to within 1 or 2 cps when no other sound 
but the beat notes can be detected. However, since 
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Figure 2-BB. System for measuring c:rystof frequendes 
aurally with heterodyne frequency meter 

there is usually some noise or hum in a hetero
dyne frequency meter which will wax and wane 
with a slow beat note, it is often possible to detect 
directly beat frequencies of less than 1 cycle per 
second. This is more likely to be possible when 
detecting a beat note between two audio signals 
than between two radio signals, since the audio 
circuits of a radio-frequency vfo are less likely to 
respond to the extremely low modulation frequen
cies than are the circuits of an audio-range inter
polation oscillator. 

2-126. With the use of a tuning fork, resonant, 
for example, at 256 cps, the vfo can be adjusted 
to produce 256-cps audio outputs on each side of 
the null region. That the heterodyne meter is pro
ducing exactly 256 cps can be detected by the 
zero beat between the tuning-fork vibrations and 
the audio note from the earphones. The use of 
the tuning fork permits a more precise determina
tion of equal audio frequencies on each side of 
the r-f-circuit zero beat, the dial point of which 
will be the exact center between the two 256 cps 
beat-note settings. The frequency of the vfo at 
the zero-beat dial setting is to be interpolated 
from previous calibrations of the vfo. 
2-127. The nearest crystal-standard check point 
on each side of the measured dial setting should 
be rechecked against the appropriate harmonic 
from the frequency standard, either immediately 
before or immediately after the measurement of 
the unknown frequency is made. The radio fre
quency corresponding to the measured dial setting 
is then interpolated between the two adjacent 
check points by assuming that the differences in 
frequency are in the same ratio as the differences 
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between the respective dial settings. For example, 
if the measured dial setting is exactly one-half 
the distance between the dial settings correspond
ing to two known harmonics of the standard, then 
the measured frequency lies halfway between the 
two harmonics. 
2-128. In calibrating the frequency meter against 
the standard, the output from the standard is 
coupled to the r-f mixer, the vfo is adjusted for a 
zero beat, and the dial setting at the center of 
the null region is determined in exactly the same 
way as when measuring an unknown frequency. 
The fact that the frequency in this case is known 
to equal a standard harmonic permits the meas
ured dial setting to be calibrated as the dial point 
corresponding to the given frequency. In using 
the frequency standard in calibrating the hetero
dyne meter, or in any other frequency-measuring 
use, care should always be taken that the standard 
is given sufficient time to reach its equilibrium 
operating temperature. At least one hour, and 
preferably two hours, depending upon the pre
cision required, should be allowed for the unit to 
warm up after a period of inoperation. If fre
quently used, the standard should be energized 
continuously throughout its lifetime. The fre
quency standard used with the heterodyne fre
quency meter need not be of top precision. A sta
bility of 1 part in 10" is sufficient, since greater 
accuracy than this genera1ly cannot be achieved 
in correlating and interpolating the radio-fre
quency dial settings. 

Frequency-Reading Counter System 
2-129. The system shown in figure 2-89 employing 
a direct-reading frequency counter is largely se]f. 
explanatory. The frequency standard is employed 
to time the counting intervals. The r-f amplifier 
may be required, since the input voltage to the 
counter usually must be on the order of 1 or more 
volts rms-a voltage level requiring a closer cou
pling to the CI meter circuit than should be per
mitted. The accuracy of the counter readings can 
be no greater than the number of significant 
digits shown on the counter scale makes possible. 
If six digits are shown, the maximum theoretical 
accuracy of 1 part in the 6-digit integer indicated 
can be assumed if the possible error introduced 
by the timing frequency standard is very small 
by comparison and the counting circuit can be 
depended upon not to skip a count. If the error 
introduced by the frequency standard is on the 
same order as the limitations of the counting cir
cuit, the total tolerance for error must be the sum 
of the tolerances of the two error sources. The 
use of an r-f amplifier reduces the possibility of 
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a random counting error, particularly if the 
amplifier is equipped with an a-g-c circuit to 
maintain the output amplitude constant against 
variations in the input amplitude. 

YFO-Counter System 
2-130. The measuring system shown in figure 2-90 
employing a vfo and a counter is particularly use
ful for individual room-temperature tests of crys
tal units on a production line. The measuring 
method is fundamentally similar to the hetero
dyne-frequency-meter method illustrated in figure 
2-88. The principal difference is that the frequency 
of the vfo is not interpolated from a calibrated 
crystal-checked scale, but is read directly on the 
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fn><1uency-countcr in<licator. The system is espe
cially useful when bringing a crystal plate by one 
process or another to a desired frequency. The 
vfo is set at the desired frequency and the crystal 
fabrication process is continued until the crystal 
can produce a zero beat in the phones or a speaker. 
When testing odd assortments of crystals which 
require that the v-f-o frequency be changed and 
checked often, the use of the frequency counter 
is a great time-saver over the crystal check-point 
method. Since a counter reading of the v-f-o fre
quency can be obtained almost instantly, the same 
counter can be shared by a large number of crystal 
testers simultaneously if placed in a position 
within view of all, and if the proper switching 
facilities are provided. If necessary, an r-f am
plifier can be installed to boost the input to the 
counter. 

Double-Heterodyne System for Precisfoh 
Y-H·F Measurements 
2-131. Figure 2-91 illustrates a typical system for 
obtaining relatively precise measurements in the 
h-f and v-h-f ranges. Two stages of heterodyning 
are employed. The first stage converts the un
known crystal frequency into another unknown 
frequency within the tuning range of the receiver. 
This second unknown signal, which in the figure 
is assumed to lie between 5 and 15 me, is mixed 
in the second stage with the nearest harmonic 
combination of 100 kc and 10 kc to produce an 
unknown difference frequency in the audio range 

REFERENCE 
CRYSTAL 
TEST SET 

IO•IOOMC 

Section II 
Military Specifications 

lying bt,tween 0 and 5000 cps. The audio fre
,1uency is detected by the receiver ( operated mew) 
and fed to the vertical plates of an oscilloscope. 
To the horizontal plates of the oscilloscope is fed 
the audio output of the interpolation oscillator, 
whose frequency is adjusted until a reasonably 
stationary ellipse is obtained on the scope. At this 
point it can be assumed that the frequency of the 
interpolation oscillator is equal to the frequency 
of the receiver output. As the name imp1ies, the 
interpolation oscillator frequency is determined 
by interpolation between adjacent calibrated 
check points. Adjustment of the interpolation 
oscillator to match the receiver output with the 
aid of an oscilloscope permits a more accurate 
measurement than if the measurement is per
formed aurally with the aid of a loudspeaker or 
earphones. 

2-132. If the unknown frequency in each of the 
two stages of heterodyning is greater than the 
respective standard with which it is mixed, the 
original unknown can be computed as the sum of 
the mixing standards and the interpolation-oscil
lator frequency. In general, the unknown input 
frequency of either stage will be equal to the re
spective harmonic standard with which it is mixed 
plus or minus the resulting difference frequency. 
The initial frequency is computed by starting 
with the final heterodyne stage in which the dif
ference frequency is directly measured. Because 
this directly measured frequency is in the low 
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Figure 2-91. Sysrem, employing a heterodyne converter, for measuring h-f and v-h-1 crystal frequencies visually 
with an oscilloscope and a-I interpolation oscillator 
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audio range, it represents a very small percentage 
of the who1e, so that the errors made in inter
polating its va1ue can usually be considered negli
gible in estimating the total frequency. The toler
ances to be allowed in the measured value of the 
crystal frequency are essentially the same as those 
of the 100-kc frequency standard. 

Govemment Inspection System for 
Room-Temperature Crystal Tests 
2-133. FigUre 2-92 shows by block diagram a 
general system for testing crystal frequencies as 
recommended for U. S. Government inspection 
tests. The system is essentially the same as that 
described in the foregoing paragraph and illus
trated in figUre 2-91. In place of the first hetero
dyne stage of figure 2-91, figure 2-92 shows a 
frequency divider. In an actual inspection test, if 
the frequency under test must be reduced, either 
a divider or a heterodyne converter can be used, 
according to the facilities available. The loud
speaker in figure 2-92 is used as an aid in identify
ing the particular harmonic being mixed with the 
frequency under test and in correlating the sec
ondary frequency standard against WWV. If the 
tuning of the crystal test set is adjusted slightly 
so that the crystal frequency increases, the rise 
or fall in the pitch of the speaker signal will indi
cate whether the test frequency is, respectively, 
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higher or lower than the m1xmg harmonic. If 
multivibrator dividers are used, each stage shou1d 
be tuned separately to lock with the control fre
quency, as indicated by a sharp peak on the lock 
indicating meter. 

Government Inspection System for 
Temperature-Ran Crystal Tests · 
2-134. Figure 2-93 shows a generalized block dia
gram of the system recommended for U. S. Gov
ernment inspection tests of crystal units when 
the operating temperature is made to vary over 
its specified range. Insofar as the instantaneous 
measurements of the crystal frequency is con
cerned, using the orcilloscope and interpolation 
oscillator, the system is exactly the same as that 
described in the previous paragraph for room
temperature measurements. The additional fea
tures are the two recording circuits-one for re
cording the frequency deviation vs the tempera
ture, the other for recording the effective-resist
ance deviation vs the temperature. The same audio 
output from the receiver that can be applied to 
the oscilloscope is applied to the input of the 
direct-reading low-frequency meter. The meter 
converts the audio input into a direct current pro
portional to the frequency. The d-c control signal, 
in turn, operates the frequency-deviation indi
cator of the meter and the stylus of the graphical 
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Figure 2-92. System recommended for Government inspection measurements of crystal frequencies al room 
temperature. The measurements ore mode visually with the oscilloscope and interpolation oscillator. The speaker 
is used principally as an aid in determining whether the crystal frequency under fest is greater or Ian than the 
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recorder. The variations in the control current 
are thus indicated as deviations in the frequency 
as the test proceeds through the full temperature 
run. Similarly, the d-c grid current of the crystal 
test set is used as a control current to indicate 
fluctuations in the effective resistance of the test 
crystal unit. This current directly, or through a 
d-c amplifier, controls the stylus of the effective
resistance graphical recorder. During the tests, 
the rate of change in temperature must be under 
control so that its value at any point in a record
ing can be interpolated accurately. 

Frequency Measuring System at WADC 
2-135. Figure 2-94 shows by block diagram the 
specific system of equipment used at Wright Air 
Development Center for testing preproduction 
crystal units. The fundamental system is the same 
as that shown in figure 2-93. The equipments used 
are among those mentioned as representative units 
in the equipment descriptions of paragraphs 2-67 
through 2-123. 

PROCEDURE FOR CORRELATING TEST 
E9UIPMENT WITH STANDARDS 

2-1:36. Before the actual testing of a crystal unit 
begins, the various reference standards must be 
correlated with the primary standards, and the 
indicators and recorders must be correlated with 
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the reference standards. In the Inspection Manual 
for Cry.<Jtal Units, Quartz, the Armed Services 
Electro-Standards Agency, Fort Monmouth, N. J., 
recommends a general correlation procedure to be 
followed by crystal-unit manufacturers. The 
measuring system is presumed to include the types 
of equipment indicated in figures 2-92 and 2-93. 
2-137. To illustrate each step, let us suppose that 
we are a manufacturer with the same test facil
ities as those used at W ADC, shown in figure 2-94. 
Further, let it be supposed that it is planned to 
test a 12-mc CR-18/U crystal unit over its operat
ing temperature range. Also, assume that the test 
location is within ground-wave range of Station 
WWV and that all other necessary standards and 
accessories are available. With these suppositions, 
we shall briefly outline the steps to take in follow
ing the ASESA recommended correlation pro
cedures. 

Correlation of Load-Capacitance Dial 
2-138. The calibration of a load-capacitance dial 
does not require frequent correlation against a 
standard precision capacitor, but the check is 
necessary when a Cl meter is first installed and 
whenever precise values of load capacitance are 
required. 

a. J f the CI meter is to be used for a wide vari
ety of measul'ements, it would be advantageous to 
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prepare a graphical chart in which the dial set
tings are plotted against capacitance over the 
entire adjustable range. If the CI meter is to be 
used only in measurements of crystal units which, 
for parallel-mode operation, require no more than 
one or two standard values of load capacitance, 
the capacitance dial need be correlated only at the 
one or two operating positions. 

b. For the 12-mc CR-18/U crystal unit we have 
chosen as an example, the standard reference test 
set is CI Meter TS-330/TSM. The reference test 
load capacitance is specified to be 32 ,,.,.f. Let it be 
assumed that the load-capacitance dials of both 
the primary standard and the reference test sets 
are to be calibrated at this one position. The pro
cedure to use is the same for each set. 

c. Two procedures are possible. If the precision 
capacitor being used as a primary standard has a 
value equal to 32 µµf, the correlation can proceed 
by direct substitution. If the precision capacitor 
is variable, but all capacitance values are greater 
than 32 p,µ.f, the correlation depends upon match
ing the test-set load capacitance with a 32-µµ.f 
diff fwence between two values of the capacitance 
standard. The latter method is generally the more 
accurate, and also faster if a variable capacitor is 
to be calibrated over its entire range. 

<l. Direct-Substitution Method. Connect the 
standar<l 32-1,1,f capacitor, with leads as short as 
possible, across the crystal socket in the test set. 
With tlw test set tuned to the lowest frequency 
band and switched to series-rPsonance operation 
(intemal load capacitor shorted out), turn tlw set 
on and, aftl'I' wa1·m up, ch('Ck the operating fre
quency by mixing with crystal-controlled 10-kc 
harmonics and detecting the audio beat in the re
ceiver speaker. Adjust the tuning capacitor (not 
the precision capacitor) of the test set until a zero 
beat is obtained. Remove the precision capacitor 
and connect a shorting wire across the crystal 
socket of the test set. Switch the test set to 
parallel-resonance operation (load capacitor con
necte<l into circuit) and adjust the load capacitor 
until a zero beat is obtained with the same 10-kc 
harmonic as before. The dial reading of the load 
capacitor, wht•n adjusted from a clockwise direc
tion, can be recorded as the ::32-,_.,,_f position. Note 
that once the test-set tuning capacitor has been 
adjusted to a zero beat with the standard capacitor 
comwcte<l in the circuit, its a<ljustment is not 
changed whilt' the load capacitor is connected in 
the ci1·cuit. Tlw abm·e h•st l'lhoul<l permit an oper
ating accuracy for tlw loarl <•apacitance within 0.2 
or 0.:3 ,_.,,f, provirled the standard capacitor is, 
itself. accurate to within 0.1 µp,f. If a more accur-
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ate measurement is desired, a Q meter should be 
employed in a manner similar to the test illus
trate<l in figure 2-95, except that in using a 32-p.p,f 
standard, the capacitors are connected in the Q
ri.1eter circuit one at a time, rather than in parallel. 

e. Constant Parallel-Capacitance Metho<l. When 
the lowest \·alue of the precision capacitor is 
greater than the capacitance to be calibrated, as 
woul<l be the case if using the G.R. 722-D pre
cision capacitor, a Q met<'r anrl a crystal-controlled 
400-kc frequency generator can be employed in 
the manner shown in figure 2-95. Use AWG #12 
solid copper wire, impported on 2-inch centers, in 
connecting the capacitors to the Q mekr, keeping 
leads as short as possible. Lead A connects to the 
side of the crystal socket making direct electrical 
contact to one plate of the load capacitor. Lead B 
connects to the other side of the load capacitor. 
(Electrical connection to the other plate of the 
load capacitor can normally be made through one 
of the rivets that holds the crystal socket in 
place.) Adjust the precision capacitor to 200 µ.µ.f. 
At the beginning of the test, all leads should be 
connec.ted except lead A. However, lead A should 
have the same physical relationship with lead B 
and with groun<l as will exist when the load ca
pacitor is connected in the circuit. With the fre
quency generator <lriving the circuit, the standard 
inductance is tuned to resonance with the 200-,_.µf 
standard capacitance (plus the distributed wiring 
capacitance), as indicated by the Q meter. With 
the standard inductance kept constant, the pre
cision capacitance can be reduced 32 µµf to 168 
,,,,f. Then by connecting lead A, the test-set load 
capacitor is connected in parallel with the pre
cision capacitor. By adjusting the load-capacitor 
dial until the Q meter again indicates resonance, 
it can be assumed that the 32 µµ.f subtracted from 
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the circuit has now been restored. Record the 
load-capacitor dial setting, reached with a clock
wise rotation, as the 32-p.p.f position. The fore
going procedure should permit an operating ac
curacy of plus or minus 0.1 p.µ.f in the value of 
the test-set load capacitance. 

Correlation of Reference Calibrated Resistors 
2-139. The reference calibrated resistors, which 
are used as substitutes for the effective resistance 
of crystal units when adjusting the drive level and 
when measuring crystal resistance, do not require 
frequent checking, but should be measured with a 
standard r-f bridge before being used for an ex
tensive series of tests. 

a. The measured value of the resistor should 
equal the calibrated value within plus or minus 1 
per cent. 

b. In testing the 12-mc CR-18/U taken as an 
example, a calibrated 25-ohm r-f resistor is re
quired to represent the maximum permissible 
effective resistance. If a standard CI Meter TS-
330/TSM is being used in making the test, a set 
of calibrated decade resistors with appropriate 
circuit-control switches is included as a component 
part of the CI-meter circuit design. When meas
ured with an accurate r-f bridge, such as Navy 
Type No. 69904, the observed value should lie 
between 24.75 and 25.25 ohms. 

Correlation of Reference Crystal Test Set 
2-140. Correlation of a manufacturer's reference 
test set with the Government standard set is per
formed by, or under the surveillance of, a Govern
ment inspector. 

a. At least three crystal units of the type to be 
tested are selected. 

b. The frequency and effective resistance of 
each crystal unit are measured and recorded under 
standard test conditions when the crystal unit is 
connected· in the primary test set standard. The 
same measurements are repeated and recorded 
with the crystal unit connected in the reference 
test set. 

c. The frequency correlation is satisfactory if 
the frequPncy of each crystai unit, as measured 
in the standard test set, does not differ from the 
frequency of the same crystal unit, as measured 
in the reference set, by more than plus or minus 
10 per cent of the nominal frequency tolerance. 
(For the 12-mc CR-18/U, the specified nominal 
frequency tolerance is plus or minus 0.005 per 
cent of 12 me, which is equal to plus or minus 600 
cps. 10 per cent of 600 cps requires that the fre
quency of each 12-mc CR-18/U unit, as measured 
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with the reference test set, must not differ by 
more than plus or minus 60 cps from the fre
quency of the same unit when measured with the 
primary standard test set.) 

d. The effective-resistance correlation is satis
factory if the effective resistance of each crystal 
unit, as measured in the standard test set, does 
not differ from the effective resistance of the same 
crystal unit, as measured in the 1·eference test set, 
by more than plus or minus 5 per cent of the 
standard-test-set measured value. (For example, 
suppose the effective-resistance value of the CR-
18/U crystal unit, as measured with the primary 
standard test set, , Fl ohm;;. The measurement of 
the resistance of the same crystal unit in the ref
erence test set must lie between 9.5 and 10.5 ohms, 
if the correlation is to be assumed satisfactory.) 

e. In the event that correlation cannot be 
achieved, the bureau or service concerned is to be 
notified. 

Correlation of Secondary Frequency Stalldanl 
2-141. The secondary standard must be checked 
against the primary before each series of meas
urements, and at least three times during any day 
following a warm-up period. 

a. Turn on the standard (0-76/U in our ex
ample) and allow to warm up for at least one 
hour. If the equipment is to be used regularly, the 
frequency standard should be kept in continuous 
operation throughout its lifetime. 

b. Tune radio receiver to highest usable ground
wave frequency from Station WWV (25, 20, 15, 
10, 5, or 2.5 me), and adjust tuning dial for maxi
mum carrier level. 

c. Feed output from standard to receiver an
tenna input, with receiver adjusted for mew oper
ation, and audio output applied to speaker. 

d. Adjust fine frequency control on standard to 
center of zer<rbeat region as heard in speaker 
during 30-second C-W broadcast intervals of 
WWV. (If it is possible to detect the zero beat 
directly by the waxing and waning of interpola
tion-oscillator noise, the ·correlation period is not 
limited to the 30-second C-W intervals. If the 
noise modulation is not audible and greater ac
curacy is desired, let interpolation oscillator warm 
up, then set at a very, very low frequency. Feed 
output of oscillator to horizontal deflection plates 
of oscilloscope, and output of receiver to vertical 
plates. Adjust fine tuning of standard to obtain a 
stationary elliptical pattern on oscilloscope on 
both sides of zero beat. Zero beat should coincide 
with fine tuning point of standard exactly midway 
between points of stationary patterns.) 



Correlation of Interpolation Oscillator 
2-142. The interpolation oscillator should be cor
related at the beginning of each series of experi
ments after permitting at least one-half hour 
warm up. 

a. Switch on 10-kc harmonic generator under 
control of 100-kc standard. 

b. Switch receiver to lowest frequency band, 
mew operation. 

c. Adjust receiver selectivity to maximum band
width reception. 

d. Tune receiver to any frequency midway be
tween two adjacent 10-kc harmonics. 

e. Feed audio difference frequency, 10 kc, of 
the two received signals to vertical plates of oscil
loscope. 

f. After warm up, adjust interpolation-oscil
lator tuning dial to 5000 cps, and feed output to 
horizontal deflection plates of oscilloscope. 

g. Adjust calibration controls of interpolation 
oscillator according to instruction manual until a 
stationary Jissajous pattern is obtained on oscil
loscope screen. The pattern should indicate two 
vertical cycles for each horizontal cycle. With the 
deflection voltages properly phased, this "two-to
one" pattern will resemble a horizontal figure 8. 

h. With the position of the calibration control 
recorded, the interpolation oscillator will be cali
brated for 5000 cps. 

i. If the interpolation oscillator is tuned to 3333 
cps and adjusted for a stationary "three-to-one" 
pattern, a calibrated check point at this frequency 
can be recorded. Similarly, stationary patterns in 
any ratio from 4 :1 to 20 :1 can provide calibrated 
check points at the respective frequencies between 
2500 cps and 500 cps. At frequencies below 500 
cps, the calibration points can be obtained by cor
relation with the 60-cps line voltage. Federal reg
ulations require that a commercial 60-cps power 
frequency be accurate within ± ½ cps. Since the 
60-cps reference can be readily obtained by ad
justment of the appropriate oscilloscope control, 
this calibrating method is quite convenient where 
great accuracy is not essential. Otherwise, the low 
a-f check points should be obtained by using as 
standards the 440-cps and 600-cps signals of Sta
tion WWV-ground- or sky-wave r-f reception. 

j. When using the interpolation oscillator to 
correlate the frequency-deviation meter, maxi
mum accuracy is ensured if the interpolation oscil
lator is specifically correlated at the harmonic 
check point nearest the frequency corresponding 
to the maximum nominal frequency tolerance of 
the crystal unit to be tested. 

561 

Section II 
Military Speciftcations 

k. In the case of the 12-mc CR-18/U crystal 
unit, a crystal of exactly the right operating fre
quency will produce a zero beat when matched 
against the nearest harmonic of the frequency 
standard-assuming the test standards as shown 
in figure 2-82 are available. With a nominal fre
quency tolerance of plus or minus 600 cps at any 
temperature in the operating range, a crystal unit 
at the edge of the tolerance limit will produce a 
600-cps receiver output to be fed to the deviation
frequency meter. The two nearest 10-kc check 
points for the interpolation oscillator are the 16 :1 
pattern at 625 cps and the 17: 1 pattern at 588.2 
cps. Each of these points should be calibrated. 
(Normally, if a precision oscillator, such as the 
General Radio Interpolation Oscillator, is used, 
special correlation adjustments for each frequency 
are not necessary.) 

I. An alternative method, ensuring even greater 
accuracy in this particular example, is to calibrate 
the 600-cps setting directly against the 600-cps 
modulation standard of Station WWV. 
Correlation of Frequency-Deviation Meter 
and Recorder 
2-143. The frequency-deviation meter and re
corder should be correlated at the beginning of 
each series of tests. 

a. Tune interpolation oscillator to the frequency 
corresponding to the maximum permissible toler
ance for the crystal unit being tested. (For the 
12-mc CR-18/U, this means tuning the interpola
tion oscillator to 600 cps. The dial setting can be 
interpolated between the calibrated points of 
588.2 and 625 cps. For this particular frequency, 
the 10th harmonic of 60 cps, we might be tempted. 
to check the dial setting against the 60-cps line 
voltage for a stationary 10: 1 pattern. This can 
readily be done with the normal oscilloscope front
panel controls. But it should be remembered that 
since the line frequency of 60 cps is not guaran
teed beyond ± ½ cps, a calibration at 600 cps can 
result in an error of± 5 cps.) 

b. Feed output of interpolation oscillator to in
put of frequency-deviation meter. 

c. With frequency-deviation meter and recorder 
placed in operation, adjust calibration control of 
meter until meter indicates same reading as in
terpolation oscillator. (For the facilities and crys
tal unit taken as an example, the H-P 500A meter 
will be switched to the 0-to-1-kc band and the 
calibration control adjusted so that the meter 
reads 600 cps.) 

d. Adjust sensitivity of frequency-deviation re
corder to provide approximately full-scale reading 
for interpolation oscillator frequency. (For the 
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meter d-c output corresponding to a 600-cps input 
signal, the deflection of the recorder stylus should 
be adjusted to give a convenient large-amplitude 
reading calibrated to read 600 cps.) 

e. The correlation of the frequency-deviation 
circuit is completed, so the interpolation-oscillator 
is disconnected from the frequency meter, and the 
output circuit of the receiver is connected in its 
place. 
Correlation of Effective-Resistance Recorder 
2-144. The stylus of the effective-resistance re
corder is to be under the control of the d-c grid 
current of the reference crystal test set. The grid 
circuit of the test set must be modified so that the 
grid current passes through the input circuit of 
the recorder, or through the input circuit" of an 
intermediary d-c amplifier. The resistance of the 
input circuit should not increase the total gri<l
leak resistance by more than 5 per cent. Other
wise, make some compensating change in the 
original grid resistance. If not already provided 
oy the test set, a grid current meter and a variable 
resistor in parallel with it should be available to 
be connected in series with the grid-leak resist
ance. The variable resistor, normally O to 1000 
ohms plus or minus 10 per cent, is used to control 
effectively the sensitivity of the grid meter. Once 
the grid meter sensitivity has been set, it must not 
be changed during the remainder of the correla
tion procedure. 

a. If the maximum expected grid current ( de
fined in step i) is insufficient to provide a full
amplitude deflection of the recorder stylus, a d-c 
amplific-r must be inserted to boost the input to 
the recorder. (To avoid confusion, we shall con
sider only the recorder input circuit. The correla
tion procerlure is not fundamentally affected if, 
in practice, a d-c amplifier is employed. The am
plifier need only be interpreterl as being the input 
circuit and sensitivity control of the recorder.) 

b. If the m~ndmum expected grid current is 
more than sufficient to provirle a full-scale deflec
tion of the recorder ai·m, the recorder sensitivity 
conti-ol should be adjusted to a lower value. If the 
sensitivity control is not adjustable to a relatively 
low level, it can be made so by shunting the re
corder input with a suitable variable resistance. 
Under no circumstances should an attempt be 
made to match the sensitivity of the recorder by 
adjustments of the grid current. The grid-leak 
current is effectively standardized for each value 
of effective resistance for each Military Standard 
crystal unit and nominal frequency. This is be
cause a standard reference circuit is employed 
that is designed with a fixed grid-lE;;ak resistance, 
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and it is operated with a standardized drive ad
justment. All of which means that an approxi
mately predetermined grid current will flow for 
a given frequency and effective resistance. An in
crease in the grid resistance, for example, would 
mean, that for the same drive adjustment proced
ure, the grid bias would be greater, and hence the 
harmonic distortion in the output would increase, 
with a consequent increase in the instability. 
(Where the nomenclature used in the instruction 
manual and on the front panel of a Cl meter desig
nates the sensitivity control of the grid-current 
meter to be a "grid-current control," the reader 
should not be misled into thinking that an adjust
ment of the percentage of grid current flowing 
through the meter has a significant effect upon 
the total grid current.) 

c. It is to be assumed at this point that the grid 
circuit is properly connected to the recorder con
trol circuit, that the maximum expected grid cur
rent is ample to permit a full scale deflection of 
the stylus, and that the total grid-leak resistance 
has not been significantly changed by the insertion 
of the recorder input resistance. 

d. Adjust the reference crystal test circuit that 
is to be used in testing the crystal unit to the 
proper drive level, as defined by the applicable 
Military Standard drive adjustment procedure. 
( For testing the 12-mc CR-18/U in our example, 
the reference set will be a CI Meter TS-330/TSM, 
and the appropriate drive adjustment procedure, 
defined by Military Specification MIL-C-3098B, 
is described in paragraph 2-60 of this Handbook. 
In step b of the drive adjustment procedure, the 
correct decarle resistor value is rn ohms, since the 
12-mc CR-18/U is used as a non-temperature con
trolled unit. In steps c and d of the drive adjust
ment procedure, the correct test frequency and 
crystal current, respectively, for the sample CR-
18/U are 12 me and 20 ma.) 

e. After the drive adjustment is completed, a 
calibrated reference resistor is selected whose 
value is equal to the maximum permissible for the 
particular crystal unit to be tested. This resistor 
is to be connected in the test circuit to simulate 
the resonance impedance of a series-mode crystal 
unit, or that of a parallel-mode crystal unit in 
series with its load capacitance. In other words, 
with the resistor substituted in the circuit in place 
of the crystal unit, or the crystal-unit-load
capacitor combination, and with the resulting 
LCR circuit tuned to the nominal operating fre
quency of the crystal unit, the amplitude of oscil
lation should approximately equal the amplitude 



that would exist if a crystal unit of maximum 
effective resistance were connected in the circuit. 
(For example, the maximum permissible resist
ance of the 12-mc CR-18/U is 25 ohms. The cali
brated resistor of this value will be the decade 

, resistance of the TS-330/TSM test circuit. So to 
perform this step, we need only switch from the 

, 13-ohm resistor used in the drive adjustment to 
the 25-ohm resistor. The test set remains in the 
"calibrate" position.) 

f. Tune the test set to the nominal frequency 
of the crystal unit to be tested. ( In our particular 
example, the test set is assumed to have been 
tuned to the nominal frequency of 12 me during 
the drive adjustment procedure. We now make a 
more exact tuning adjustment by mixing the out
put of the CI meter with the output of the stand
ard-controlled 1-mc harmonic generator. When 
the test set is correctly tuned, a zero beat will be 
obtained in the receiver speaker resulting from 
the mixture of the 12th harmonic of the generator 
with the test-set output.) 

g. Adjust the grid-current meter sensitivity to 
give a convenient low~scale reading. Mark the 
position of the sensitivity control and record the 
grid current. This represents the minimum per
missible grid current for the type of crystal unit 
and frequency under test, since it corresponds to 
the maximum permissible effective resistance. 

h. Now adjust the recorder and calibrate the 
graph for a reading of the maximum effective re
sistance. When correlating the position of the re
corder stylus with the effective-resistance scale of 
the graph, the position of the stylus wheri the grid 
current is minimum must be adjusted to give a 
reading corresponding to the maximum permis
sible resistance (25 ohms for our sample CR-
18/U). 

i. The maximum expected grid current can be 
approximated by replacing the calibrating re
sistor used in making the maximum-resistance 

I correlation with one having a value representing 
; the minimum expected effective resistance. ( In 

our CR-18/U example, we can assume a minimum 
effective resistance of 4 ohms.) The resulting grid 
current we define as the maximum expected grid 
current. This is not the current indicated in the 
grid-current meter, unless the meter sensitivity is 
turned to its maximum position; even then the 
reading is only approximate. There is no need to 
measure the maximum expected grid current un
less the value is required to determine whether the 
recorder sensitivity will need boosting or at
tenuating. 
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j. With the sensitivity control of the grid meter 
adjusted to its previously marked position, record 
the current reading. This reading will serve as 
the meter indication that the maximum expected 
grid current is flowing. It is valid only for the 
given adjustment of the meter sensitivity. With 
the meter indicating the maximum expected grid 
current, adjust the sensitivity of the stylus deflec
tion for a full amp1itude swing. Make this adjust
ment and calibrate the corresponding reading on 
the recorder graph, to signify an effective resist
ance equal to the minimum expected value ( 4 
ohms for our sample CR-18/U). 

k. The grid-current meter readings and cali
brating adjustments can be recorded and used to 
speed similar correlation procedures for future 
crystal tests. 

Correlation of Temperature-Measurement 
Controls ( General J 

2-145. The details of the procedure for correlat
ing the different reference devices used to control 
the crystal temperature measurements can be 
quite varied. In general, four types of measure
ments or specified test conditions must be corre
lated with the temperature standards. The crystal 
unit must start the temperature run at the correct 
lower temperature limit. Heat must be supplied 
at a rate sufficient to permit the proper intervals 
between temperature readings and at a depend
able rate so that the length of a temperature run 
is predictable within plus or minus 5 per cent. The 
temperature of the crystal unit must be indicated 
at all times. And finally, the heater must be shut 
off at the upper temperature limit at the end of 
the run. The exact methods used to accomplish 
the above ends vary considerably, depending upon 
such factors as whether the measurements are for 
laboratory or production line; whether the meas
urements are being made for multiple Jots or for 
just one crystal unit at a time; whether a per
manent recording of the measurements are being 
made and, if so, of what type; whether readings 
are being indicated continuously or only at inter
vals; whether exact measurements are being made 
or whether the tests are of the go, no-go type. 
Even when similar types of tests are being made, 
the methods vary from laboratory to laboratory 
and manufacturer to manufacturer, and even from 
one location to another in the same organization. 
In spite of the variety encountered in the methods 
used in measuring and controlling the tempera
ture, the fundamental correlation procedure is 
applicable generally and should be observed. 
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c.relatlon of ,,,_.., 
2-146. The pyrometer is to be correlated at least 
once each month that it is being used. 

a. Correlate at 0°C by immersing sensing ele
ment (moisture protected) in ice water, the water 
having been distilled. 

b. Correlate at boiling point of distilled water 
making allowance for elevation above sea level, 
or, if available, exact barometric pressure at time 
of test. Care should be taken that position of 
pyrometer sensing element is not in temperature 
gradient near heat source, nor at liquid surface. 

c. The temperature measurements are not so 
critical that both the freezing and boiling temper
atures of distilled water need to be correlated, but 
for accurate measurements both correlations 
should be made. 

d. If a thermocouple sensing element is used, 
true accuracy requires that the temperature of 
the constant-temperature junction be maintained 
at a known value throughout all measurements. In 
other words, it should be thermostatically con
trolled. Also, the difference in temperature be
tween the two junctions should be as large as 
practicable. In practice, the temperature of one 
junction follows the variations in the temperature 
of the surrounding air; hence, when the tempera
ture of the sensing junction approaches room 
values, the corresponding indication of the py
rometer is quite unreliable. However, in a temper
ature-run test the correlation, of the recorders is 
less dependent upon the absolute indications of 
the pyrometer in the middle of the run, than upon 
the more accurate indications at the limits of the 
range, and upon the constancy at which the rat~ 
of temperature change can be maintained. 

e. If a thermistor sensing element is used, the 
temperature correlation can be more dependable, 
provided the pyrometer voltage source is stable. 

Correlation of Cold Box Thennollleter 
2-147. The co1J box thermometer should be cor
related with the reference pyrometer once each 
month. 

a. Place dummy crystal unit of pyrometer in 
cold box in a position simulating that of a normal 
crystal unit. ( In our example, the dummy crystal 
unit should be contained in an HC-6/U holder, in 
order to approach as nearly as possible the physi
cal characterh.tics of the CR-18/U crystal unit.) 

b. Adjust temperature of cold box to lower 
limit of specified temperature range of crystal 
unit to be tested, measuring the temperature with 
the pyrometer. (For our test CR-18/U, the lower 
temperature limit is minus 55° C.) 

c. With thermometer inserted in cold box with 
pyrometer, allow one-half hour for box and tem
perature instruments to re.ach thermal equi
librium. 

d. Record difference between readings of py
rometer and thermometer, for use in correcting 
thermometer reading in later measurements of 
cold box limit temperature. 

Correlatio• of Heater 
2-148. Correlate the heater as follows: 

a. Cool dummy crystal unit in cold box until it 
reaches thermal equilibrium at specified low tem
perature limit for crystal unit to be tested. Tem
perature is to be read by pyrometer with sensing 
element attached to crystal plate in dummy unit. 

b. Mount dummy crystal unit in heater and be
gin test temperature run. As read on pyrometer 
with sensing element attached to quartz plate, 
carefully measure time required for temperature 
to reach upper limit. Adjust heater thermostat to 
cut off power as upper limit is reached (90°C in 
the case of the CR-18/U example).. 

c. The heater power is adjusted, if necessary, 
to ensure that the rate of temperature change 
meets the specified test conditions. (For the CR-
18/U unit in our example, the test conditions 
specified in Method A must be met. See paragraph 
2-36a.) 

d. If the periods of three consecutive tempera
ture runs, as specified in steps a and b, meeting 
the specified test conditions without adjustments 
of the heater controls, are within plus or minus 
10 per cent of each other, the correlation is satis
factory. 

Correlation of Recorders wi .. Temperature 
Range 
2-149. The correlation of the recorder with the 
temperature range will depend upon the facilities 
available and the degree of accuracy desired. 

a. If special facilities are not available, the cor
relation of the graphical recordings of the fre
quency and effective resistance with the operating 
temperature are normally made at only the two 
temperature limits, which can manually be made 
to coincide with the starting and stopping of the 
recorders. If desired, manual calibrations can be 
obtained at a mid-temperature by observing the 
pyrometer scale. 

b. With special test facilities, such as the modi
fied temperature recorder indicated in figure 2-94, 
temperature calibrating pulses can be transmitted 
to the graphical recorders at any desired tempera- · 
ture interval. These pulses are correlated with, 

WADC TR 56-156 naccr_-·-,P', 
.r n L a:.U ll'~ l1 

PAr.E p ! lH-: / : \J • ., ~·' \.,I, 



and adjusted for control by, the dummy crystal 
unit pyrometer circuit. The temperature recorder 
indicated in figure 2-94 is modified to provide a 
temperature-indicator pulse to the frequency and 
resistance recorders at every 5°C change in tem
perature of the dummy crystal unit. 

Correlation of VJbratfo• Mac•i• 
2-150. The vibration machine must be correlated 
for amplitude and frequency at least once each 
month. With machine in operation, draw lines to 
indicate amplitude on marking surface held at 
right angles to direction of vibration. Check am
plitude with inch scale at different frequencies to 
ensure that Military Specifications are met over 
vibration range. See paragraph 2-48. 

MEASURING AND RECORDING FREQUENCY 
AND EFFECTIVE RESISTANCE 

2-151. Assume that the equipment in figure 2-94 
is available and that all correlations have been 
made prerequisite for measuring and recording 
the frequency and effective resistance of a 12-mc 
CR-18/U crystal unit over its operating temper
ature range. 

a. Adjust drive of reference crystal test set 
TS-330/TSM according to correct drive adjust
ment procedure as specified in paragraph 2-60. 

b. Adjust TS-330/TSM for operation of CR-
18/U type unit at 12 me according to instructions 
in manufacturer's manual, or in USAF Technical 
Order No. 35TS330-5, or in Signal Corps Tech
nical Manual No. TM 11-5051. 

[Briefly, the load capacitance is set at 32 ,,.,,.f, but 
is not immediately connected into the circuit. In
sert a sample 12-mc CR-18/U crystal unit in the 
crystal socket. ( A sample is inserted since pre
sumably the unit to be tested is being cooled in 
the cold box.) With the circuit switched for series
mode operation, adjust the tuning capacitor until 
resonance is indicated by a grid-current peak. We 
assume that the grid-current meter sensitivity has 
been adjusted for a suitable reading. Do not 
change the drive adjustment (the crystal-current 
control). The Military Standard drive adjustment 
procedures can be assumed to supersede possible 
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contrary instructions in operating manuals. Now, 
switch in the load capacitance, and the circuit is 
ready for operation. 

If desired, since the 12-kc harmonic standard is 
available to ensure an accurate tuning to the 
nominal frequency, the circuit could be precisely 
tuned during the drive adjustment procedure, and 
the only adjustments necessary would be to dis
connect the drive-adjustment resistor from the 
circuit, switch in the 32-ohm load capacitor, and 
then insert the crystal unit in its socket when the 
test is ready to begin.] 

c. With sample crystal unit in operation, feed 
signal from test set through switching panel to 
receiver input. 

d. Feed harmonic output of 1-mc standard
controlled generator to receiver input. 

e. Tune receiver, mew operation, to receive 
nominal 12-mc signal. Beat note, if fed to speaker, 
indicates difference between test crystal frequency 
and 12th harmonic of 1-mc standard-controlled 
generator. 

f. Select range of frequency-deviation meter 
that corresponds to the maximum permissible fre
q uency deviation for the crystal unit being tested 
( 600 cps in this case, and the proper meter range 
would be that from Oto 1000 cps). 

g. Feed audio output from receiver to fre
quency-deviation meter. 

h. Feed output of frequency-deviation meter 
to input of frequency-deviation recorder. 

i. Feed grid current from crystal test set to 
input of effective-resistance recorder. 

j. Feed output of temperature recorder to tem
perature-pulse inputs of frequency-deviation and 
effective-resistance recorders. 

k. From cold box take test crystal unit and 
dummy crystal unit, both cooled to the low tem
perature limit and mounted in slug. Insert slug in 
oven. 

I. Insert crystal pins, protruding from oven 
holder, in crystal socket of test set. 

m. Turn on heater power and start temperature 
run. 
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Section Ill 
lntroductio--6roup I 

SECTION Ill-CRYSTAL HOLDERS 

INTRODUCTION 

3-1. Section III contains all available descrip
tions of crystal holders now being used in, or rec
ommended for use in, USAF equipments. The 
crystal holders described are divided into two 
groups, as defined in subparagraphs a and b be
low. Included with the Group-I Crystal Holders 
and following the technical data chart and de
scription sheets are a table and description sheets 
giving the types of sockets suitable for use with 
Group-I Crystal Holders. At the end of Section 
Ill is a digest of Military Standard terms, tests, 
and procedures applicable to crystal holders meet
ing military specifications. 

a. Group I includes those Military Standard 
crystal holders that are recommended for use in 
equipments of new design. These are the crys'tal 
holders assigned Joint Army-Navy-Air Force type 
number HC-X/U, where X is either a one-digit 

or a two-digit number. Except in the event of un
usual ·or special requirements, the design engineer 
of crystal-controlled circuits for military e<Juip
ment should consider only those crystal holders in 
Group I. 

b. Group II includes the older types of crystal 
holders which are still widely used in current 
models of USAF radio equipments, but which are 
not recommended for use in military equipments 
of new design. These crystal holders are arranged 
in order of their USAF stock numbers, except for 
the addition of the prefix "2100-," which serves 
to identify the item as belonging to the USAF 
16-F stock class. The information concerning the 
Group-II crystal holders is included primarily for 
the benefit of the crystal specialist or field engi
neer in the military. As a reference source of crys
tal holders, it may also prove helpful to design 
and research engineers. 

GROUP I 

RECOMMENDED MILITARY STANDARD CRYSTAL HOLDERS 

The crystal holders included in Group I are those con/ orming to Military 
Specifications and which are 1·ecommended for use in armed-services equiP
ments of new design. Also included are descriptions of representative 
aockets that can be used with the GrouP-1 holders. 

WADC TR 56-156 569 ., 
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Section Ill 
Crystal Holders-Group 

TECHNICAL DATA CHART FOR GROUP-I MILITARY STANDARD CRYSTAL HOLDERS 

Type Ph11sical Dimensions (In.) 
Mriterial Base or Terminal Connection Crystal Units. Part of Number High Wide Thick 

HC-5/U plastic 3 pins, ')~ in. lg, -)!12 in. dia 221/.12 l1%:i 1?16 CR-15/U, -16/U, -29/U, 
holder -30/U 

HC-6/U metallic 2 pins, 1'i-(H in. lg, 0.050 in. dia, 1 l!:):12 o/16 CR-18/U, -19/U, -23/U, 
holder 0.486 in. c to c -25/U, -26/U, -27/U, 

-28/U, -32/U, -33/U, 
-35/U, -36/U, -44/U, 
-45/U, -46/U, -47/U, 
-48/U, -49/U, -51/U, 
-52/U, -63/U, -54/U 

HC-10/U metallic 2 sleeves, '½,; in. lg, 1fo in. dia l½u 1})6 '½o CR-24/U 
holder 

HC-13/U metallic 2 pins, l'¾H in. lg, 0.050 in. dia, 1'1%,i l!:Y.J2 o/to CR-37/U, -38/U, -42/U, 
holder 0.486 in. c to c -60/U 

HC-14/U metallic 2 pins, 1%, in. lg, 0.050 in. dia, 1:½o l!:¼2 o/i.11 
holder 0.486 in. c to c 

HC-151U electron std octal 2¾ 1%2 1%2 CR-39/U, -40/U 
tube 

(glass 
envelope) 

HC-16/U electron std octal 2% 1%, 13/lr. CR-43/U 
tube 

(metallic 
envelope) 

HC-17 1 U metallic 2 pins, 7116 in. lg, 0.093 in. dia, 1-3/16 23/32 5/16 CR-58/U 
hnlde1· 0.486 in. e to c 

HC-l8ilJ nwtallie 2 flexible leads, 1 1 2 in. lg 33/64* ¾ 5/32 CR-!i!i/U, -!i6/ U, -59/U, 
hol,ler -60/ U, -61 I U 

HC-2liU nwtallie 3 pins, ¾ in. lg, 0.1!,6 in. dia 2-21/32 1-19/32 1-19/32 CR-15/U, -16/U, -29/U, 
hol<le1· -:J0/U 

* Not. including flexible leads. 
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Figure 3-1. Crystal Holder HC-5/U 
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Section Ill 
Crystal Holders-Group I 

FUNCTIONAL DESCRIPTION 

A three-pin plastic holder used to mount low
frequency quartz plates. It can be used at tem
peratures within the range of -40°C to + 75°C, 
but since the holder is designed for gasket seal
ing and has an inferior form factor compared with 
metal holders, it wil1 operate best in equipments 
not intended to be subjected to below-freezing or 
extremely high temperatures, and in areas where 
the ambient humidity is not at a continuously high 
level. 

EMPWYMENT OF HOLDER 

Crystal Units Employing Holder: CR-15/U, 
-16/U, -29/U, and -30/U 

Sockets Used With Holder: See figure S..14 

MILITARY SPECIFICATIONS 

.4uthority: MIL-H-10056B (16 Jan 53); MIL-H-
1056/1 (16 Jan 53) 

Dimensions: See figure 3-1. All dimensions in 
inches. Unless otherwise specified, tolerances 
are ±0.005 in. on decimals. 

WADC TR 56-156 572 

Materials: 

Item.No. Deacrip-
Material (Fig.3-1) tum 

1 Pin Nickel-1ilver radio tube pin 
E.3676, as made by Amer-
ican Brass Co, or equal 

2 Base Plastic: Resinox No. 7984, 
Melmac No. 6106, BM-7166, 
Durez No. 12708, or equal 

3 Gasket Buna S, per Spee MIL-R-
3065, 60-75 Shore A Duro-
meter hardness 

4 Cover Same as for item 2 

5 Insert Brass, per Spec QQ-B-611, 
comp B, ½ hard 

6 Phillips Brass 
machine 
screw No. 
2-56 NC-2 
x¾in.lg 

Special Requirements: None 

WGISTICAL DATA 

USAF Stock No.: 2100-2xH51.1 
Status: Standard* 
Date of Status: 
Commercial Sources: See Appendix III. 

Qty 

3 

1 

1 

4 

4 

Related Specifications, Standards, and Publica
tions: See Appendix IV. 

*Note: The proposed revision of Milit.ary Speci
fication MIL-H-10056B deletes the plastic holder 
HC-5/U and substitutes the met.al holder 
HC-21/U. 
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CRYSTAL HOLDER HC-6/U 
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Figure 3-2. Crystal Holder HC-6/U 

FUNCTION AL DESCRIPTION 

A lightweight, all-metal unit particularly suit
able for use in either mobile or portable equipment 
and wherever crystal units may be subjected to 
severe conditions of moisture or mechanical 
shock. Several types of mounting are possib1e, but 
the most satisfactory, generally, is a plated crys
tal supported by two 1ooped springs. This holder 
is designed for hermetic sealing and is depend
able over a temperature range of -55°C to +90°C 
and higher. 

EMPLOYMENT OF HOLDER 

Crystal Units Employing Holder: CR-18/U, 
-19/U, -23/U, -25/U, -26/U, -27/U, -28/U, 
-32/U, -33/U, -35/U, -36/U, -44/U, -45/U, 
-46/U, -47/U, -48/U, -49/U, -51/U, -52/U, 
-53/U, -54/U, and -57/U 

Sockets Used With Holder: See figures 3-15 and 
3-16. 

MILITARY SPECIFICATIONS 

Authority: MIL-H-10056B (16 Jan 53); MIL-H-
1056/2 (16 Jan 53) 

Di,mensions: See figure 3-2. All dimensions in 
inches. Unless otherwise specified, tolerances 
are ±0.005 in. on decimals. 

WADC TR S6-1S6 S73 

Materials: 

Item No. Descrip-
Material Qty (Fig. 3-2) tion 

1 Pin Kovar No. 920060, or equal 2 

2 Base Kovar No. 910010, or equal 1 

3 Cover Nkkel silver, per Spec QQ- 1 
N-821, type III comp B 

Special Requirements: (Refer to figure 3-2.) 
a. Item No. 2 shall be insulated from item No. 1 

by glass. Glass shall be Corning Glass Seal 
No. 705-2, or equal. 

b. It~m No. 2 shall be hot-tin-dipped or e1ectro
tin-plated in accordance with type I finish 
of Spec 72-53. 

c. Before forming, item No. 2 shall be 0.010 
±0.001 inch thick, and item No. 3 shall be 
0.010 inch thick. 

d. Item No. 1 shall project at least 0.040 inch 
above the inside glass seal. 

WGISTICAL DATA 

USAF Stock No.: 
Status: Standard 
Date of Status: 
Commercial Sources: See Appendix III. 
Related Specifications, Standards, and Publica

tions: See Appendix IV. 
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CRYSTAL HOLDER HC-10/U 
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figure 3-3. Crystal Holder HC-10/U 

FUNCTIONAL DESCRIPTION 

Compact, miniature, metal holder designed for 
' pressure-mounting thickness-mode circular quartz 

elements and for hermetic sealing. The coaxial ar
rangement of the crystal leads introduces a mini
mum of holder capacitance across the crystal, and 

·hence is particularly suitable for use with v-h-f 
crystals. Also, the rugged construction and firm 
support provided the crystal make this holder pre
ferred in mobile or portable equipment that may 
be subjected to severe conditions of vibrations or 
shock. The holder is dependable over a tempera
ture range of -55°C to +90°C and higher. 

EMPLOYMENT OF HOLDER 

Crystal Units Employing Holder: CR-24/U 
Sockets U,'led With Holder: See figure 3-17. 

MILITARY SPECIFICATIONS 

Authorit!I: MIL-H-10056B (16 Jan 53); MIL-H-
1056/3 (16 Jan 58) 

Dint<'ni,io11,'{: See figure 8-3. All dimensions in 
incht..'s. Unless otherwise specified, tolerances 
are -~ 0.005 in. on decimals. 
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Materials: 

Item No. Descrip-
Material Qt11 (Fig.3-S) tion 

1 Sleeve Coil silver 2 

2 Pin Kovar No. 920050, or equal 2 

8 End bell Kovar No. 910010, or equal 2 

4 Cover Nickel silver per Spec QQ- 1 
N-821, type III, comp"B 

5 Seal Corning Glass No. 705-2, or 2 
equal 

Special Requirements: (Refer to figure 3-3.) 

a. Item No. 1 shall be soldered to item No. 2. 
b. Item No. 3 shall be hot-tin-dipped or electro

tin-plated in accordance with type I finish 
of Spec 72-53. 

LOGISTICAL DATA 

USAF Stock No.: 
Status: Standard 
Date of Status: 
Commrrcial Sources: See Appendix IIL 
Related Spl:'ciJication.~. Standards, and Publica

tions: See Appendix IV. 
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CRYSTAL HOLDER HC-13/U 
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Figure 3-4. Crystal Holder HC-13/U 

FUNCTIONAL DESCRIPTION 

A lightweight, all-metal unit, similar to Crystal 
Holder HC-6/U but having a cover of greater 
length to accommodate a larger quartz plate for 
lower-frequency use. 

EMPLOYMENT OF HOLDER 

Cry.,;;fal Cnits Employing Holder: CR-37 /U, 
-:}8/U, --12/U, and -50/U 

Sockets Cscd With Holder: See figures 3-15 and 
3-16. 

MILITARY SPECIFICATIONS 

Authority: MIL-I-{-10056B (16 Jan 5:3); MIL-H-
1056/4 ( 16 Jan 5:3) 

Dimrnsion,'I: See figure :1-4. All dimensions in 
inches. l:nless otherwise specified, tolerances 
are ~:0.005 in. on decimals. 

Mataia/:.;: 

/Inn .\'11, I le.,cri11-
I 

( Fi!T- ./.;) tio;; 
I .Uarci-i11/ Q/11 

I l'iu Km·ar '.\n. !l:Wo;;o, or C'qual 2 

~ !lase Kovar :\o. lllOOJO, or ,•qua! l 

3 Cover '\ickel silwr, per ~pt•,· QQ· l 
X-321, ty1Hi 111,comp B 
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Special Rn1uircmc11f.'I: (l!efe1· to figure :3-4.) 
a. lkm No. 2 shall be insulated from item No. 1 

by irlass. Class shall be Corning mass Seal 
No. 70fl-2, or equal. 

b. Item No. 2 shall be hot-tin-dipped in acccm]
ance with type I finish of Specification 72-'13. 

c. Before forming, item No. 2 shall be 0.010 
c>-· 0.001 inch thick, and item No. :; shall be 
O.(llO inch thick. 

d. Unless otherwise specified, item No. 1 shall 
project at least 0.1140 inch above the inside 
glass seal. 

LOGISTICAL DATA 

r'SAF Stock No.: 
Status: 
Date of Status: 
Co111nicrcial Sou/"ces: See Appendix ll l. 
Rl'iatcd Spl'Citicatious, Standards, a.11d Puldica.

tio11s: See Appendix lV. 
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Figure 3-5. Crystal Holder HC-14/U 

FUNCTIONAL DESCRIPTION 

A miniature, lightweight, all-metal unit. Simi
lar to Crystal Holder HC-6/U but with a shorter 
cover. It is used to mount quartz plates in the 
higher-frequency range, where space is at a pre
mium. 

EMPLOYMENT OF HOl,DER 

Crystal Units f,.,'111plo!li11t1 Holda: CR-7/U 
Sockets Used H'ith Holder: See figures 3-15 and 

3-16. 

MILITARY SPECIFICATIONS 

A uthoril !I: M IL-H-100G6B ( Hi Jan 5:~) ; MIL-ll
lOGli /G ( Hi Jan 5;\) 

l)imc11sions: Sc{' figure :1-f>. All dimensions in 
inelws. UnlPss oHwrwise specified, tolPranccs 
arc f O.OOG in. on dPcimals. 

Materials: 

llt'm .\'o. }lc.saiJ>-
( f'i,q .. :-5) tio11 

Pin 

WADC TR 56-156 

Material 

Kovar No. !120050, or equal 

Ko,·ar !\in. !ilOOlO, or ,•qual 

'.'\ick,•l ~ih..r, p<>r Sp,•e QQ
>.;.:t,I. typ,• Ill, comp H 

l 
Qt11. 

576 

Special Requirements: (Refer to figure :3-5.) 
a. Item No. 2 shall be insulated from item No. 1 

by glass. Glass shall be Corning Glass Seal 
No. 705-2, or equal. 

b. Item No. 2 shall be hot-tin-:dipped or electro
tin-plated in accordance with type I finish 
of Spec 72-5:-t 

c. Bcfor0 forming, item No. 2 shall be 0.010 
,, 0.001 inch thick, and'.itcm No. :~ shall be 
0.010 inch thick. 

d. Item No. 1 shall project at least O.(MO inch 
above the inside glass seal. 

LOGISTICAL DATA 

USAF Stock No.: 
Status: 
/)ale of Status: 
Comlil<'n·ial So11rc('s: Sec Ap1wrniix I 11. 
R<'iaf<'d Spel'ifirntions. Sf!lnd<1rdN, <OHi Pu/1/ica

fi<1118: See Appendix IV. 

-
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CRYSTAL HOLDER HC-15/U 
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Figure 3-6. Crystal Holder HC-15/U 

FUNCTIONAL DESCRIPTION 

This glass-envelope crystal holder is similar. in 
size and shape to a 6SC7GT electron tube. It is 
normally used to mount low-frequency, flexure
mode, quartz plates, where an evacuated container 
is needed to reduce damping. The holder uses 
standard vacuum-iube parts and fits in a standard 
octal socket. The glass envelope is to be preferred 
to the metal holder when a vacuum seal is re
quired because the elimination of the metal, 
soldering, etc. minimizes the causes of crystal 
aging due to gas leakage, electrolysis, and con
tamination. The holder is dependable within the 
temperature range of -55°C to +80°C. 

EMPLOYMENT OF HOLDER 

Crystal Units Employing Holdei·: CR-39/U and 
-40/U. 

Sol'kcfs l!N<·d With Holder: Standard octal. 

MILITARY SPECIFICATIONS 

A11tlwril!J: MIL-Il-l0056B (16 Jan 5:l); MIL-H
lOf>li/6 (16 Jan 5:n 
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Dimensions: See figure 3-6. All dimensions in 
inches. Unless otherwise specified, tolerances 
are ±0.005 in. on decimals. 

Materials: 

Item No. Descrip- Material Qt11 (/,'ig. J-G} ti.on 

1 Pin Commercial 8 

2 Base Low-loss phenolic 1 

3 T9 · Glass 1 
envelope 

Special Requirements: Except for dimensions, 
there are none specified. 

LOGISTICAL DATA 

USAF Stock No.: 
Status: 
Date of Statu.c;: 
Commercial Sourer.~: See Appendix Ill. 
Related Specifications, Standard~~. and Publica

tions: See Appendix IV. 
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CRYSTAL HOLDER HC-16/U 

Figure 3-7. Crystal Holder HC-16/U 

F'UNCTIONAL DESCRIPTION 
This crystal holder is similar in size and shape 

to a metal envelope 6SK7 electron tube. It is a 
rugged, moisture-proof holder in which quartz 
plates may either be pt·essure-, wire-, or fixed-air
gap-mounted. The holder is recommended for cali
bration, test, and similar purposes. Holder uses 
standard vacuum-tube parts and fits in a standard 
octal socket. Although it is used in the 70-100-kc 
rangl~, tlw holder is useful for frequencies up to 
850 kc. Tlw shortness of the cover relative to the 
size of crystal blanks of 85 kc and below makes 
it somewhat difficult to fabricate a dependable 
crystal unit. The holder can be used at tempera
tures within the range of -55°C to +90°C and 
higher. 

EMPLOYMENT 01'' HOLDER 
Cri1slllf Units f:mplo11iny Holder: CR-43/U 
Sockets fTscd With Holda: Standard octal 

MILITARY HPJ<JCIFICATIONS 
:tuthori/!f: MIL-Il-1005HB (16 Jan 53); MlL-H

IOf>{;/7 ( lfi Jan 5:n 
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Dimensions: See figure 3-7. All dimensions in 
inches. Unless otherwise specified, tolerances 
are ±0.005 in. on decimals. 

Materials: 

Item No. Descrip- Material (Pig. ;J-7) tion 

1 Pin Commercial 

2 Base Commercial 

3 MTS Commercial 
envelope 

Special Requirements: None specified 

LOGISTICAL DATA 

USAF pfO{!k No.: 
Status: 
Date of Stat u.-r: 
Conmurcial Sources: See Appendix IIL 

Qty 

8 

1 

1 

Related Spec-ijications, Standards, and Publica
tiow1: See Appendix IV. 

• 
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CRYSTAL HOLDER HC-17/U 

figure 3-8. Crystal Holder HC-11 /U 

FUNCTIONAL DESCRIPrION 

A lightweight, all-metal unit particularly suit
able for use in either mobile or portable equip
ment and wherever crystal units may be sub
jected to severe conditions of moisture or mechan
ical shock. Several types of mounting are possible, 
but the most satisfactory, generalJy, is a plated 
crystal supported by two looped springs. This 
holder is designed for hermetic sealing and is de
pendable over a temperature range of -55°C to 
+90°C and higher. This holder is identical to 
Holder HC-6/U except for larger dimensions of 
pins. 

EMPLOYMENT OF HOWER 

Crystal Units Employing Hol,der: CR-58/U 
Sockets Used with H ol,der: 

MILITARY SPECIFICATIONS 

Authority: MIL-H-10056C (Proposed revision, 4 
April 1956) 

Dimensions: See figure 3-8. All dimensions in 
inches. Unless otherwise specified, tolerances 
are ±0.005 in. on decimals. 
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Materials: 

Item No. Deacrip- Material Qt11. (Fig.:t-8} ticm 

1 Pin 50% nickel, 50% iron alloy 2 
2 Base Steel, cold rolled strip con- 1 

dition No. 3, per Specitica-
tion QQ-S-640 

3 Cover Copper, nickel zinc alloy, 1 
composition No. 5, annealed 
soft temper, per Specitica-
tion QQ-C-585 

Special Requirements: (Refer to figure 8-8.) 
a. Item No. 2 shalJ be insulated from item No.1 

by glass. Glass shall be Corning Glass Seal 
No. 705-2, or equal. 

b. Item No. 2 shall be hot-tin-dipped or electr<r 
tin-plated in accordance with type I finish of 
Specification MIL-F-14072. 

c. Before forming, item No. 2 shall be 0.010 
±0.001 inch thick and item No. 3 shall be 
0.010 inch thick. 

d. Item No. 1 shall project at least 0.040 inch 
above the base. 

LOGISTICAL DATA 
USAF Stock No.: 
StatUB: 
Date of Status: 
Commercial Sources: See Appendix III. 
Related Specifications, Standards, and Publica

tiom: See Appendix IV. 
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CRYSTAL HOLDER HC-18/U 
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Figure 3-9. Crystal Holder HC-18/U 

FUNCTIONAL DESCRIPTION 
A lightweight, all-metal holder suitable for use 

in subminiature circuit applications. Long flexible 
leads are provided to permit wiring crystal holder 
directly into the circuit. 

EMPLOYMENT OF HOLDER 
Crystal Units Employing Holde1·: CR-65/U, -56/U, 

-59/U, -60/U, -61/U 
Sockets Used with Holder: None 

MILITARY SPECIFICATIONS 
Authority: MIL-H-10056C (Proposed revision, 4 

April 19156) 
Dimen.~ion.~: See figure 3-9. All dimensions are in 

inches. Unless otherwise specified, tolerances 
are ±0.005 in. on decimals. 

Materials: 
Item No. Desrrip- Material Qty. (F'ig. S-9) tion 

1 Pin Cobalt-nickel-iron alloy 2 
(Kovar A) 

2 Base Cobalt-nickel-iron alloy 1 
(Kovar A) 

3 Cover Copper, nickel, zinc alloy, 
composition No. 5, annealed 

1 

soft temper, per Specifica-
tion QQ-C-585 

WADC TR 56-156 580 

Special Requirements: (Refer to figure 8-9.) 

a. Item No. 2 shall be insulated from item No. 1 
by glass. Glass shall be Corning Glass Seal 
No. 705-2, or equal. 

b. Item No. 2 shall be hot-tin-dipped or electro
tin-plated in accordance with type I finish of 
Specification MIL-F-14072. 

c. Before forming, item No. 2 shall be 0.010 
±0.001 inch thick and item No. 8 shall be 
0.010 ±0.001 inch thick. 

d. Item No. 1 shall project at ieast 0.040 inch 
above the base. 

LOGISTICAL DATA 

USAF Stock No.: 

Status: 

Date of Status: 

Commercial Sources: See Appendix III. 

Related Speci,ffoations, Standard.s, and Publica,
tions: See Appendix IV. 



Section Ill 
Crystal Holders-Group I 

CRYSTAL HOLDER HC-21/U 

b., ... _J 

250 ·t 
$ 

.500t0I0 

-t 343 
_L 

812~ --·391 

Figure 3-J0. Crystal Holder HC-21/U 

FUNCTIONAL DESCRIPTION 
A three-pin, all-metal holder used to mount low

frequency quartz plates. Dimensions of this holder 
are identical to those of plastic holder HC-5/U, 
which it is intended to replace. Holder HC-21/U 
is designed for hermetic sealing and is dependable 
over a temperature range of -55°C to +90°C 
and higher. 

EMPLOYMENT OF HOLDER 
Crystal Units Employing Holder: 

Sockets Used -with Holder: See figure 3-14. 
MILITARY SPECIFICATIONS 

Authority: MIL-H-10056C (Proposed revision, 4 
April 1956) 

Dimensions: See figure 3-10. All dimensions in 
inches. Unless otherwise specified, tolerances 
are ±0.005 in. on decimals. 

Materials: 

Item No. Descrip- Material Qty. (Fig. 3-10) tion 

1 Pin 50% nickel, 50% iron 3 
2 Base Cold rolled steel, condition l 

No. 2, dull finish, per Speci-
fication QQ-S-636 

3 Cover Terneplate type drawing 1 
quality, class special coat-
ed, grade unassorted, per 
Specification QQ-T-181 
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Special Requirement.~: (Refer to figure 3-10.) 

a. Item No. 2 shall be insulated from item No. 1 
by glass. Glass shall be Corning Glass Seal 
No. 705-2, or equal. 

b. Item No. 2 shall be hot-tin-dipped or electro
tin-plated in accordance with type I finish of 
Specification MIL-F-14072. 

c. Before forming, item No. 2 shall be 0.010 
±0.001 inch thick and item No. 3 shaH be 
0.010 ±0.001 inch thick. 

d. Item No. 1 shall project at least 0.040 inch 
above the base. 

LOGISTICAL DATA 

USAF Stock No.: 

Status: 

Date of Status: 

Commercial Sources: See Appendix III. 

Related Specifications, Standards, and Publica
tions: See Appendix IV. 



Section Ill 
Crystal Holders-Group I 

CRYSTAL HOLDER HC- /U 
(For addenda) 

Fi911re3-11. Crystal Holder HC- /U 

FUNCTIONAL DESCRIPTION 

EMPLOYMENT OF HOLDER 

Crystal Units Employing Holder: 

Sockets Used With Holder: 

MILITARY SPECU,ICATIONS 

Authority: MIL-H-10056B (16 Jan 53); MIL-H-
1056/ 

Materia/,S: 

Item.No. Descrip- Material (Fig.3- ) tion 

Special Requirements: 

LOGISTICAL DATA 

USAF Stock No.: 
Status: 
Date of Status: 
Commercial Sources: See Appendix III. 

Qty 

Di.mensions: See figure 3-11. Ail dimensions in 
inches. Unless otherwise specified, tolerances 
are ±0.005 in. on decimals. 

Related Specifications, Standards, and Publica
tions: See Appendix IV. 
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Crystal Holden-Group I 

CRYSTAL HOLDER HC-18/U 

(For addenda) 

figure 3-12. Crystal Holder HC- /U 

FUNCTIONAL DESCRIPTION 

EMPLOYMENT OF HOLDER 

Crystal Units Employing Holder: 

Sockets Used With Holder: 

MILITARY SPECIFICATIONS 
Authority: MIL-H-10056B (16 Jan 53); MIL-H-

1056/ 

Materials: 

Item No. Descrip-
Material (Fig. :I- ) tion 

Special Requirements: 

WGISTICAL DATA 

USAF Stock No.: 
Status: 
Date of Status: 
Commercial Sources: See Appendix HI. 

Qt11 

Dimensions: See figure 3-12. All dimensions in 
inches. Unless otherwise specified, tolerances 
are ±0.005 in. on decimals. 

Related Specification.'!, Standard.~, and · Publica
tions: See Appendix IV. 
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Crystal Holders-Group I 

CRYSTAL HOLDER HC- /U 

(For addenda) 

figure 3-13. Crystal Holder HC- /U 

FUNCTIONAL DESCRIPTION 

EMPLOYMENT OF HOLDER 

Crystal Units Employing Holder: 

Sockets Used With Holder: 

MILITARY SPECIFICATIONS 

Authority: MIL-H-10056B (16 Jan 53); MIL-H-
1056/ 

Dimensions: See figure 3-13. All dimensions in 
inches. Unless otherwise specified, tolerances 
are ±0.005 in. on decimals. 
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Materials: 

Item No. Descrip-
Material (Fig. 3- ) tion 

Special Requirements: 

LOGISTICAL DATA 

USAF Stock No.: 
Status: 
Date of Status: 
Commercial Sources: See Appendix III. 

Qty 

Related Specifications, Standards, and Publica
tions: See Appendix IV. 



Section Ill 
Crystal Sockets 

CRYSTAL SOCKETS 

0.169 OIA 3 HOLES 

,----'-0.152 DIA 3 HOLES 

0 0 

@ @ 

0 
0 0 

IA) 

\Bl 

ALL DIMENSIONS 
IN INCHES 

figure 3-14. Crystal soclcets for u,e with 
HC-S/U holder 

,.crE: 
Gl.AZED INSU!.ATORS ARE 
GLAZED TOP AND SIDES. 
UNGLAZED SURFACES ARE 
DC 200 IMPREGNATE 0. 

Figure 3-15. Crystal socket for use with 
HC-6/U, HC-13/U, and HC-14/U holders 

WADC TR 56-156 585 

,n 

"' "' ci 

cl !1 !! !1 1:~ 

0.273 

0-294 

0,486 
4SPACES 

43 

64 

]k111AXl+-....,..--i 

0.060X0,156 
WIRE HOLE 

ALL DIMENSIONS 
IN INCHES 

Figure 3-16. Multiple crystal soclcef for use with 
HC-6/U, HC-13/U, and HC-14/U holders 

Figure 3-17. Crystal soclcet for use with 
HC-10/U holder 



Sedion Ill 
Crystal Sockets 

TECHNICAL DATA CHART OF CRYSTAL SOCKETS SUITABLE FOR USE 
WITH GROUP-I HOLDERS b 

T!Jpe 
Holder 

Manufacturer" ModeiNo. 
Figure Material of Insulator Material of Contacts Accommo- No. 

dated 

Cinch 2886 3-14 (A) NEMA Spec Grade XP Cinch P27 
laminated phenolic (nat.) 

HC-5/U E. F. Johnson 122-223-1 3-14(B) Glass-bonded mica or Brass w/steel spring, 
NEMA Spec Grade XXX Cd pl 
laminated phenolic 

122-223-2 Glass-bonded mica Phosphor bronze 
w/beryllium copper 
springs, silver pl 

Cinch 54A17358 3-15 Steatite, Grade L5, glazed Beryllium copper, P31 W-3 
finish, solder term. bot-tin 
dipped 

Elco 430 3-15 Ceramic, Grade 5, glazed Brass, Cd pl 

430 U Ceramic, Grade 5, 
unglazed 

430 PH Ceramic, Grade 5, glazed Phosphor bronze, Cd pl 

430 U PH Ceramic, Grade 5, 
unglazed 

430 BC Ceramic, Grade 5, glazed Beryllium copper, silver pl 

HC-6/U, 430 U BC Ceramic, Grade 5, 

HC-13/U, unglazed 

and E. F. Johnson 126-105-1 8-15 Steatite, Grade L4 or Beryllium copper, silver 
HC-14/U better, glazed pl, solder term., hot-tin 

dipped 

126-105-2 Phosphor bronze 

Methode SCJ 700-1 3-15 Steatite, Grade L5, glazed Pho8phor bronze, brass, or 
beryllium copper, as 
specified; Cd or silver pl; 
solder term. hot-tin 
dipped 

SCJ 700-2 Same as SCJ 700-1 except 
not DC200 impregnated 

Sylvania G24-666 8-16 Low-loss phenolic Phosphor bronze Cd pl, 
hot-tin dipped 

HC-10/U Eby 8943 3-17 Ceramic Spring-type body clip; 
brass, silver pl 

Additional 
Stray Cap. 

Shunted Across 
Xtal (µµ.!} 

HC-15/U These holders are accommodated by standard octal sockets. For technical data and mounting provisions of 
and octal sockets, see National Military Establishment Specification JAN-S-28A 
HC-16/U 

• St-t• Al)flentlix III for comolPle nR.me l\nd addre&L 
~ Cry1it.al Holder HC-18/U is a, subminiature unit fabricated with wire leads for aoldered connect.ions: 
h<>nce no :;ocket. hJ, re<tuired. 
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Mounting 
Provisions A B C D 

Three 0.152-in. 
dia holes on 
%xl¼in. 
mtg centers 

Two mtg holes 
spaced 1 ri.12 
in. c to c 

0.115-0.135 r.:;,0!4 0.481- 0.243 % 
in. dia mtg 0.491 
hole 

0.125-in. dia ~ 0.486 0.243 ¾ 
mtg hole 

0.125-in. dia 11.}iH 0.486 3/s 
mtg hole 

0.130-in. dia :;.--Y<H 0.486 % 
mtg hole 

I 

I 
Four 0.156-in. 
dia holes on 
6]~x !J-'iG•in. 
mtg centers 

Two 0.125-in. 
dia holes on 
½ X !!,~-in. 
mtg centers 

Dimeninons (In.) 

E F G 

See fig.3-14 (A) 

See fig,3-14 (B) 

0.236- 0.115- % 
0.260 0.135 

,~ 0.125 4:}fu 

4=}(14 

\~ 0.130 3¼H 

See fig. 3-16 

See fig. 3-22 

517 

H I J 

¾ l/4 %1 

% 11,¾.M, ¼ 

% lf}(t-4 

:>~ }/i4 % 

Section Ill 
Crystal Sockets 

Remarks 

Withdrawal force 
of inserted xtal 
is 1 ½ lb :t40% 
direct pull 

Withdrawal force 
of inserted xtal 
is 11/2 lb ±40% 
direct pull 

Tropicalization 
treatment 
optional 

Accommodates 
48 holders 



:;.ection Ill 
Crystal Holders-Group II 

GROUP II 

CRYSTAL HOLDERS CURRENTLY IN MILITARY SERVICE BUT NOT RECOMMENDED 

USAF Stock 
Number 2100-

2xH1.l 

2xH2.1 

2xH2.2 

2xH2.3 

2xH2.4 

2xH2.5 

2xH3.1 

2xH3.2 

2xH4.1 

2xH5.1 

2xH6.l 

2xH6.2 

2xH7.l 

2xH!l.1 

2xH10.1 

2xH14.1 

2xH14.l-1 

2xH14.2 

2xH15.1 

2xH17.1 

2xH18.l 

FOR USE IN E9UIPMENTS OF NEW DESIGN 

Group II includes the older types of crystal holders which are still widely 
used in current models of USAF radio equipments, but which are not 
recommended for use in military equipments of new design. These crystal 
holders are arranged in the order of their USAF stock numbers, which 
numbers are the same as the Signal Corps stock numbers except for t.he 
addition of the prefix "2100-," which serves to identify the item as belong
ing to the USAF i 6-F stock class. 

TECHNICAL DATA CHART FO.R GROUP-II CRYSTAL HOLDERS 

Nomenclature Holder Spec Material 

Crystal Holder Wikox Type 80D Plastic 

Crystal Holder FT-249 Plastic 

Crystal Holder FT-249 Plastic 

Crystal Holder FT-249 Plastic 

Crystal Holder Plastic case, 
metal cover 

Crystal Holder (Collins Type lG) Plastic 

Crystal Holder FT-164 171-148B Ceramic 

Crystal Holder FT-i64 171-148B Ceramic 

Crystal Holder (Bendix 3947) Plastic 

Crystal Holder (Bliley MO-2) Plastic 

Crystal Holder FT-171-B 71-975 Plastic 

Crystal Holder FT-171-B 71-975 Plastic 

Crystal Holder FT-241-A 71-1696 Plastic 

Crystal Holder (Collins Type lC} Plastic 

Crystal Holder FT-243 71-1350 Plastic case, 
metal cover 

Crystal Holder HC-12/U Plastic 

Crystal Holder CR-lA/ AR Plastic 

Crystal Holder HC-11/U Plastic 

Crystal Holder 71-1165 Metal 

Crystal Holder (Howard Engineering CM-1) Plastic 

Crystal Holdel' (WECO Type SAA) Plastic 

WADC TR 56-156 588 

Method of 
Mounting 



I Base or Terminal Connectwns 

Std 3-pin 

Std 3-pin 

Std 3-pin 

Std 3-pin 

i 3-pin, % in. Jg, 0.156 in. dia 

3-pin, ½ in. Jg, %1 in. dia 

6-pin on std octal base 

2-pin, ¾ in. c to c 

2 banana pins, :l16 in. lg, ¾ in. 
C to C 

2 banana pins, :yfo in. lg, ¾ in. 
C to C 

2-pin, ½o in. lg, ½ in. c to c 

Std 5-pin, %1 in. 

2-pin, 1%2 in. lg c to c 

2-pin, ¾in.lg,½ c to c 

2-pin, % in. lg, ½ in. c to c 

2-pin, r,1i in. lg, ½ in. c to c 

Std octal 

2-pin, ½ in. lg,¾ in. c to c 

Std 3-pin, 11¥.12 in. lg 

WADC TR 56-156 

Outside Dimenllions (In.) 

High Wide Thick 

l¾ l1%a 1½6 

1%1 11½6 12%2 

1'½.6 1%1 12¾2 

1'½.6 l½t 12%2 

2% 1%1 11/.i:i 

2¼ 1% ¼ 

1¾ 2½ (dia) 

l¾ 2¼ (dia) 

Hie 1½ (dia} 

1¾6 1% (dia) 

11%1 l½ ¾ 

11¾6 l½ ¾ 

1½.,i 1%2 '½6 
12.'Mc! 1%1 HS.11 

1¾ lo/16 0.434 

l¼ 1¼ "½n 

l¼ 1¼ ½o 

l¼ l¼ ½11 

213/.12 1%2 (dia) 

% 1% (dia) 

1¾ 1% 1¼ 

589 

Electrodes 

2 pr, both 1 x 1 in. 

2 pr; 1 pr 1 x 1 in.; 1 pr 
¾x¾in. 

2pr,¾x¾in. 

1 pr, 1 x 1 in. 

Section Ill 
Crystal Holde,.....,Group II 

Remarks 

1 pr, brass, nickel-plated For LF quartz :wafer 

1 pr, brass, nickel-plated For HF quartz wafer 

For 3 quartz plates 

1 pr, 1 x 1 in. 

1 pr,¾x¾in. 



Section Ill 
Crystal Holders-Group 11 

TECHNICAL DATA CHART FOR GROUP-II CRYSTAL HOLDERS--Contlnued 

I 
USAF Stock Method of 

i Number 2100- Nomenclature Holder Spec Material Mounting 

2xH24.l Crystal Holder (Bliley MC-7) Plastic body, 
metal front 

2xH25.l Crystal Holder (Aircraft Accessories HN-10) Plastic 

2xH26.l Crystal Holder (Galvin FMT-X5) Ceramic, with 
metal front 

and back 

2xH27.1 Crystal Holder ( Biiley BC-3) Plastic i 

2xH28.l Crystal Holder (Aircraft Accessories 601T) Ceramic 

2xH29.1 Crystal !folder RCA AVA-10 Ceramic Pressure-air gap 

2xH30.1 Crystal Holder (HF'R Type) Plastic 

2xH31.1 Crystal Holder (CW Type) Ceramic 

2xH32.l Crystal Holder (Bliley LD-2) Plastic 

2xH33.1 Crystal Holder (Henry DC34) Plastic 

2xH3U Crystal Holder ( Henry DC35) Plastic 

2xH35.1 Crystal Holder (Premier 180GF and 180 GW) Ceramic, with 
metal front 

and back 

2xH36.1 Crystal Holder (Bliley C and S) Plastic 

2xH37.l Crystal Holder (Fisher Rad TS25) Plastic 

2xH38.1 Crystal Holder ( Fisher Rad RS25) Plastic 

2xH39.1 Crystal Holder (Aireon AA9E) Metal 

2xH40.1 Crystal Holder (Aircrll.ft Accessories AA9A) Metal 

2xH41.1 Crystal Holder (Aircraft Accessories AA9G) Metal 

2xH42.l Crystal Holder (Peterson Radio PR) Ceramic 

2xH43.l Crystal Holder (RCA AVA-53-A) Ceramic Pressure-air gap 

2xH44.l Crystal Holder ( Learadio 3858A) Plastic 

2xH45.l Crystal Holder (WECO DC-20) Plastic 

2xH46.1 C:rystal Holder (Standard Pie..o CS5D) Plastic 

2xH47.1 Crystal Holder (Bliley AR8W) Plastic 

2xH48.1 Crystal Holder (Howard Type HMC4) Ceramic 

2xH49.l Crystal Holder (Coilins LD) Plastic 

2xH50.l Crystal Holder (Bliley AR3) Plastic 

Crystal Holder HC-1/U Plastic 

Crystal Holder HC-2/U Plastic 

Crystal Holder HC-3/U Plastic 

Crystal Holder HC-4/U Plastic 
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Ba11e o-r Terminal Connections 

2-pin, ¾. in. e to c 

2 banana pins, 0.86 in. c to c 

2-pin, '½6 in. lg,¾ in. c to c 

2-pin, ¾ in. C to C 

2 banana pins, 0.85 in. c toe 

2 banana pins, 0.86 in. c to c 
2-pin, ¾ in. c to c 

2-pin, ¾ in. c to c 

2-pin, ¾ in. c toe 

2-pin, ¾ in. e toe 

3 alined pins 

2-pin, % in. c to c 

2-pin 

2-pin 

Std 3-pin 

Std 3-pin 

Std 3-pin 

2-pin 

2 banana pins, 0.86 in. c to c 

2 banana pins 

2-pin 

3-pin 

3-pin 

6-pin 

Std 3-pin 

Std 6-pin 

2-pin 

2-pin 

2-pin 

2-pin 

WADC TR 56-156 

Outside Dimensiom (In.) 

High Wide Thick 

1¼ 1% l½s 

2¼ 1½ ¼ 

l¼ l½ !¼ 

%6 1¾ (dia) 

2¼ 11/2 ¼ 

2¼ 11'½2 1-¾o 

½ 1¾ (dia) 

% 11,,!i (dia) 

2 1% ¾ 

2 1% :Mi 

2% 11,{z ¼ 

¼ 1½ (dia) 

1½ (dia) 

1½ (dia) 

2¼ 1¾ 1½ 

2¼ 11,i, l½ 

21½2 l3¼i 1%4 

¾. 1% (dia) 

1¾ F/20 %11 

1% Il,4 % 

l¼ Hii '½6 

2¾ 1%1 1¾ 

1% 11¾o 1¼ 

1½ 1¼ l½o 

1½ 1¼ 1¾ 

1¾ 1½ Ph 
2¾H 1111~ l½o 

2½o 1% ½ 

2½o 1¾ ½ 

11%2 I,io '½6 

591 

Electrodes 

S.ction Ill 
Crystal Holden-Group II 

Remark, 

Plastic model of 601-T 
holder 

CW Type HFR Model G 
and R-100 

Same as MX9E 

Same as MX9A 

Same as AR4W, except 
freq 

Interchangeable with 
Collins lC holder 



Section Ill 
Crystal Holde,-..Group 11 

WINDOW FOR 
CALIBRATION 

CARO 

EMOVABLE NAMEPLATE 

TEl<MINAL 
NICKEL 
PLATED 
BRASS 

THREADED 
BUSHING 

VELLOMOID OR 
NEOPRENE WASHER 

OR EQUAL 
ALL SCREWS 

NICKEL PLATED 
BRASS 

BOTTOM 
ELECTRODE 

MONEL 
METAL 

RING 
METAL 

ALL DIMENSIONS IN INCHES 

Figure 3-1B. Crystal Holder FT-164 

ra ·~;:1 
0 

AL HOLDER 
FTl71·B 

ChANHEL c:=::=:l 

:~:a.c:=:::J K.C. 
fN8C c:::::J 

OROER NO c:::=::::J 

3 
l6 MAX DIA 

Figurn 3-19. Crystal Holder FT-111-B 
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CHANNEL N 
CR-lB/U 
MARKING 

CR-2B/u 
CR-4B/u 
MARKING METHOD 

~§ 
+1 

! 

"' 

~

CHANNEL fRE~ 

I 118 + 3/64 
-1/32 

CR-(*)/U 
MFR.CODE 

/CRYSTAL FREQ 

ALL OIMENSIO'IS IN 
INCHES 

... 
~ ~ 
'- +I 

+1 
_, N ' ~ ... -

SPHERICAL RADIUS 

PINS SHALL BE Pllll!ALLEL ANO IN 
LINE TO WITHIN .002 

~ 7 r 7/64 ., i- 7164 

LFf'"w+31 
Figure 3-20. Crystal Holder FT-241-A. The morlcinr,s 

indicated ore applicable for Crystal Units 
CR-28/U, CR-38/U and CR-4B/U ..., 



METHOD I METHOD 4 

Fll£Q -r·-~a 0000~ REC.~ 

L_.812t,015 ----1 
~R l.ETTE!tl 

0000-
KC 

SPHERICAi. 
RADIUS 

ALI. DIMENSIONS 
IN INCHES 

Figure 3-21. Crystal Holder FT-243. The markings 
indicated are applicable for Crystal Units CR-58/U, 
CR-68/U, CR-78/U, CR-10B/U, and CR-12A/U. Method 
1 is used '!Nhere the operating frequencies of rhe using 
equipment are in terms of frequencies only; or where 
a single crystal is used to control both a transmitter 
and a receiver and the channel is expressed in terms 
of frequency. Method 2 is used where the operating 
frequencies of the using equipment are designated 
in terms of channel numbers and frequencies; or 
where a single crystal is used to control both a trans
mitter and a receiver and the operafing frequency is 
expressed as a channel number as well as a frequency. 
Methods 3 and 4 are used respectively where two 
separate crystal units are employed in a single 
equipment, each performing a different function, such 
as one being used for transmitting and the other for 
receiving. Method 4 is used where the crystal unit is 
used to control the local oscillator of a receiver. On 
the back of the receiver crystal holder is marked 
"RECEIVE ON 0000 KC," where 0000 is the receiver 
frequency, which is always to be 455 Ire below the 
crystal frequency. For an exploded view of the FT-243 

holder, as a pan of Crysta/ Unit CR-88/U, 
see #lgure J-70. 
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Section Ill 
Crystal Holde,-...,Group II 

SECTION A-A 

: i~ CRYSTALS 

I n~ I 
I I\) I 
I I L _______ .J 

SCHEMATIC DIAGRAM 
( IIOTTOM VIEW) 

Figure 3-22. Crystal Holder FT-249 

SEE 
NOTE 

2 

I Doo~:oo J 
L l.170MAX_J f l.090MIN I 

Nt~i _.t:::,cc-t-..--,.-t-,_,, 
4 

ALL DIMENSIONS 
IN INCHES 

Figure 3-23. Crystal Holder for Crystal 
Unit CR-1 A/ AR 



Section Ill 
Crystal Holder.--Group II 

ALL DIMENSIONS 
IN INCHES 

ALL OIMENSIOfllS 
IN liliCHES 

0 07 
FOR USE IN 

FREQ-KC 

0 

3 
4 

7 

1 
16 

Figure 3-25. Crystal Holder HC-2/U and HC-3/U, 
except that the latter has pins of 

5/32-in. diameter 

Figure 3-24. Crystal Holder HC- r /U 
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_L •,~ 
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1! 
16 

ALL DIMENSIONS 
IN INCHES 

@ ®I. 
19 f;.055 

132 

' .l DIA 23 
32 64 

Figure 3-26. Crystal Holder HC-4/U 
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Section Ill 
Military Speci6cations 

EXPLANATION OF MILITARY ST AND ARD TERMS USED 
IN DESCRIPTION OF CRYSTAL HOLDERS 

Applicable Tests 
3-2. Tests which have been specified for the par
ticular crystal holder, and which have been 
performed by the Government or under the super
vision of the Government to determine compliance 
of production and production specimens with the 
Military Specifications. 

A•tllority 
3-3. Serial numbers and dates of the military pub
lications which prescribe the military specifica
tions for the crystal holders being described. All 
holders described in Group I conform to Military 
Specification MIL-H-10056 ( ) . 

Condition A-Immersion Test (See paragraph 
3-18a) 

Condition B-lm111ersion Test (See paragraph 
3-18b) 

Corrosion Test (See paragraph 8-16) 

Date of Status (See paragraph 2-4) 

Delivery Requirements (See paragraphs 8-28 and 
8-24) 

Dimensions and Markings 
3-4. Illustrated and largely self-explanatory. The 
marking of crystal holders, when required, is to 
be legible and permanent. See paragraph 2-26 for 
marking pertaining to crystal unit. 

Fabrication Requirements (See paragraphs 3-8 
and 3-14) 

Functional Description 
3-5. Provides summary of the general physical 
and operational features of the crystal holder. 

Glass Seal Inspection (See paragraph 3-17) 

Immersion Test (See paragraph 8-18) 

Insulation Materials (See paragraph 8-10) 

Insulation Reslstanc, (See paragraph 8-18) 

Leakage Test (See paragraph 8-19) 

Markin9 (See paragraph 3-4) 

Method A-Leakaga Test (See paragraph 8-19a) 

Metllod A-Thermal Shock Test (See paragraph 
8-22a) 

Method 11--Leakage Test (See paragraph 8-19b) 

Method B-Thel'mal Shock Test (See paragraph 
S-Z2b) 
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Nomenclature of Crystal Holders 
3-6. The Joint Army, Navy, Air Force nomencla
ture for designating a particular type of crystal 
holder is as follows: 

CRYSTAL BOLDER NOMENCLATURE 

Item Name 1'ype Number 

Crystal Holder HC 

I 
Component 

i 
Number 

Indicator 

u 
I 

Equipment 
Indicator 
Letter for 
Type of 
Installation 

In the type number, the component, a crystal 
holder is identified by the symbol, HC. The com
ponent symbol is followed by a hyphen and one 
or two digits (-X) which identify the crystal 
holder as having been designed in accordance with 
a particular set of specifications. The letter, U, 
separated from the number by a slant sign, is the 
equipment indicator symbol for ,;general utility 
installation," which means that the crystal is in
tended for use in two or more of the three gen
eral installation classes--airborne, shipboard, and 
ground. 

Ordering Requirements (See paragraph 8-23) 

Packaging Requirements (See paragraph, 3-24) 

Pin Alinement Test (See paragraph 3-20) 

Requirements and Procedure of Tests 

3-7. See Military Specification MIL-H-10056( ) 
for details of the required inspections, the group
ing of tests, and the procedure for sampling. 

FABRICATION REQUIREMENTS 

Covers 

3-8. Covers are designed to fit the bases in a man
ner that permits easy assembly and interchange
ability of covers and bases of the same type 
supplied on any one contract or order. 

Flux 
3-9. Rosin or rosin and alcohol are normally used 
as flux. If other fluxes are used, conclusive evi
dence has been presented to the Government that 
the proposed substitution and technique of appli
cation result in a noncorrosive joint. No corrosive 
compounds are used for soldering or welding. 
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Glass Seal (See paragraph 9-17) 
Insulating, Impregnating, and Sealing Compounds 
3-10. Insulating, impregnating, and sealing com
pounds are used only for sealing screws. 

Marking (See paragraph 3-4) 

Pin Alinement (See paragraph 3-20) 

Solder 
3-11. Solder is used in accordance with Federal 
Specification QQ-S-571. 

Springs 
3-12. Springs, when specified, are attached to the 
base pins by using a high-temperature solder or 
by welding. 

Threaded Parts 
3-13. Screw threads for all screws, nuts, and other 
threaded parts are in accordance with National 
Bureau of Standards Handbook H28. All screw
thread assemblies are matte resistant to loosening 
under vibration. When practicable, split-type lock 
,,·ashers are provided under the heads of all 
screws. When a screw mates with a plastic part, 
a threaded metal insert is molded therein. 

Workmanship 
3-14. The crystal holders are required to be manu
factured and processed in a careful and workman
like manner, in accordance with good design and 
sound practice. The interior surfaces of the holder, 
its contents and pins, are required to be free from 
dirt, grease, and any loose or deposited foreign or 
unapproved material. All burrs must be removed. 

STANDARD TEST CONDITIONS 

3-15. Unless otherwise specified, all crystal-holder 
measurements and tests are made under the pre
vailing ambient conditions of atmospheric pres
sure and relative humidity and at a temperature 
between 20 and 35 degrees centigrade. 

DESCRIPTION AND REQUIREMENTS 
OF TESTS 

Corrosion Test 
3-16. The crystal holder is required to withstand 
50 hours of the salt-spray (fog) test specified in 
Federal Specification QQ-M-151 without evidence 
of corrosion sufficient- to impair the satisfactory 
operation of the holder. 

Glass Seal Inspection 
3-17. Those crystal holders with base assemblies 
having glass seals are inspected with the aid of a 
strong light and 10-power magnification. No glass 
seal is permissible that contains bubbles greater 
in diameter than one-third the distance between 
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pins and base, or that contains radial or other 
detrimental cracks, or if there is loosening of pins 
or glass seal from the base. 

Immersion Test 
3-18. The base assembly or crystal holder, as ap
plicable, is tested as noted on the individual Speci
fication Sheet in accordance with Condition A or 
B described below. After all excess moisture is 
wiped off and the base assembly or crystal holder 
is allowed to dry at room temperature for ½ hour, 
the insulation resistance between pins, and be
tween each pin and any other external part of 
the holder, is measured with a low-voltage insula
tion test, using a test volt.age of 50 to 100 volts 
de. The insulation resistance must not be less than 
the value specified below for Condition A or B, 
whichever is applicable, and there must be no evi
dence 'of mechanical damage. 

a. Condition A: The base assembly of the holder 
is immersed in a 10-percent (by weight)-minimum 
salt-water solution, using common table salt. After 
the solution is brought to a boil, the base assem
bly is removed and rinsed in running tap water. 
After drying, as specified above, the base assem
bly shall show no mechanical damage, and the 
insulation must have a resistance not less than 
5000 megohms. 

b. Condition B : The crystal holder is immersed 
for one hour in water maintained at a tempera
ture between 90 and 95 degrees centigrade. After 
drying, as specified above, the insulation must have 
a resistance not less than 200 megohms. 
Leakage Test 
3-19. The base assembly or crystal holder, asap
plicable, is tested as noted on the individual Speci
fication Sheet in accordance with Method A or B 
described below : 

a. Method A: The base assembly is immersed 
for at least 10 seconds in liquid flux at a tempera
ture not exceeding 25°C, then, abruptly hot-tin
dipped for at least 10 seconds in molten solder at 
a temperature between 302° to 312°C. The solder 
is immediately shaken off and the base assembly 
is plunged back into the liquid flux for at least 
10 seconds. A minimum of three such cye)es, con
tinuously, is required. The thermal capacities of 
the flux and solder baths must be sufficient to 
maintain the specified bath temperature for the 
quantity of base assemblies being tested at any 
one time. When the thermal-shock cycles are com
pleted, the insulation resistance must not be less 
than 5000 megohms when measured with an in
sulation tester as described in paragraph 3-18, and 
the glass seal must pass its standard inspection 
as described in paragraph 3-17. 



b. Method B : The glass envelope, but not the 
base assembly of the holder, is immersed in boil
ing water for 15 seconds and immediately there
after immersed in ice water for 5 seconds, the 
volume of the water being sufficient to maintain 
constant temperature. The glass envelope must 
withstand this test without cracking or breaking. 

Visual and Mechanical Inspection (See paragraph 
3-90) 

a. Method A: The base assembly is clamped to 
a suitable test jig and subjected to a gage pres
sure of 50 pounds per square inch while immersed 
in tap water for at least 30 seconds. The base 
assembly must show no evidence of leakage 
around the pins, at the seams, or through cracks 
or porous spots in any of the base material. The 
continuous formation of bubbles is evidence of 
leakage. 

b. Method B : The crystal holder is clamped to 
a suitable test jig and the cavity subjected to simi
lar conditions as in Method A. The holder must 
show no evidence of leakage around the pins, or 
through cracks or porous spots in the holder ma
terial. The continuous formation of bubbles is 
evidence of leakage. 

Pin Alinement Test 
3-20. The pins of the crystal holder are required 
to be so alined th<!t they conform to the mechan
ical dimensions given in the individual Speci
fication Sheet, when measured by means of a 
shadowgraph. Refer to paragraph 2-24 for alter
nate test-gage method. 

Tensile Strength Test 
3-21. The base assembly of the holder is supported 
in a way that clears the glass seal. A direct load 
of 30 pounds is applied along the axis of the pins 
away from the base for at least 30 seconds, after 
which, the glass seal must show no evidence of 
loosening from the pins or base. 

Thermal Shock Test 
3-22. The base assembly or glass envelope, as ap
plicable, is tested as noted on the individual Speci
fication Sheet in accordance with Method A or B 
as described below : ;; , · 

a. Method A : The base assembly is immersed 
for at least 10 seconds in liquid flux at a tempera
ture not exceeding 25°C, then, abruptly hot-tin
dipped for at least 10 seconds in molten solder at 
a temperature between 302° to 312°C. The solder 
is immediately shaken off and the base assembly 
is plunged back into the Hquid flux for at least 
10 seconds. A minimum of three such cycles, con
tinuously, is required. The thermal capacities of 
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the flux and solder baths must be sufficient to 
maintain the specified bath temperatures for the 
quantity of base assemblies being tested at any 
one time. When the thermal-shock cycles are com
pleted, the insulation resistance must not be less 
than 5000 megohms when measured with an in
sulation tester as described in paragraph 3-18, and 
the glass sea] must pass its standard inspection 
as described in paragraph 3-17. 

b. Method B : The glass envelope, but not the 
base assembly of the holder, is immersed in boil
ing water for 15 seconds and immediately there
after immersed in ice water for 5 seconds, the 
volume of the water being sufficient to maintain 
a constant temperature. The glass envelope must 
withstand this test without cracking or breaking. 

DELIVERY REQUIREMENTS 

Ordering 
3-23. According to Military Specification MIL-H-
10056B, procurement documents should specify 
the following: 

a. Title, number, and date of the latest speci
fication (the latest at the present time, b~ing 
Military Specification: Holders, Crystal, MIL-H-
10056B, dated 16 January 1953). 

b. Type designation, and the title, number, and 
date of the applicable individual Specification 
Sheet (the latest one at the present time for HC-
18/U, for example, is MIL-H-10056/4, dated 16 
January 1953). 

c. Whether springs are required, dimensions, 
and how they are to be mounted. 

d. Length of pin above base. ( See note 6 on 
applicable Specification Sheet for HC-13/U.) 

e. The laboratory at which preproduction tests 
are to be performed. (See MIL-H-10056( ) for 
requirements of preproduction tests.) 

f. Whether packing and marking are for do
mestic or o~erseas shipment. 

g. That the contractor shall not substitute for 
a specified material or fabricated part unless he 
obtains approval from the bureau or service con
cerned. Evidence to substantiate his claim that 
such a substitute is suitable shall be submitted 
with his request. Similar notification and substan
tiating evidence shall b~ submitted at any later 
time if substitution becomes necessary or desir
ab1e. At the discretion of the bureau or service 
concerned, test samples may be required to prove 
the suitability of the proposed substitute. 

Packaging 
3-24. Electron-tube type crystal holders shall be 
packaged and packed in accordance with packag
ing group I of Specification MIL-P-75. AH other 
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types of crystal holders shall be unit-packages 
with method III of Specification MIL-P-116. Crys
tal holders are then placed in containers for either 
domestic shipment and storage or for overseas 
shipment described in subparagraphs a. and b. 
below. In addition to any special marking required 
by the contract or order, unit r,ackages and ex
terior shipping containers shall be marked in ac
cordance with Standard MIL-STD-129. These 
packaging, packing, and marking requirements 
apply only to direct shipment to the Government 
and are not intended to apply to contracts or 
orders between the manufacturer and prime con
tractors. 

a. Packing for Domestic Shipment and Stor
age: Crystal holders packaged per specification 
shall be packed in wood-cleated plywood, nailed 
wood, or corrugated or solid fiber-board boxes con
forming to Specification NN-B-601, NN-B-621, 
LLL-B-631, and LLL-B-636, respectively. Closures 
shall be made in accordance with the applicable 
box specification. The gross weight shall not ex
ceed 45 pounds for fiberboard boxes and 150 
pounds for plywood or wood boxes. Fiberboard 
having a minimum dry bursting strength (Mullen 
test) of less than 200 pounds shall not be used. 

b. Packing for Oversea Shipment: Crystal 
holders packaged per specification shall be packed 
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in wood-cleated plywood, nailed wood, or fiber
board boxes conforming to Specification JAN-P-
105, JAN-P-106, and JAN-P-108, respectively. 
Plywood 'Shall be type B, condition 1, conforming 
to Specification JAN-P-139. Each shipping con
tainer shall have a case liner conforming to type 
II, grade A, class 2 of Specification MIL-L-10547. 
Box closures shall be as specified in the appendix 
of the applicable specification for fiberboard boxes, 
and 150 pounds for plywood or wood boxes. 

Solder Require111ents (See paragraph 3-11) 

USAF Stock No. 
3-29. Number for identifying item when requisi
tioning from U. S. Air Force supply depot. The 
USAF stock numbers of crystal holders are the 
same as the respective Signal Corps numbers ex
cept that the prefix, "2100-," is added, which 
serves to identify the item as belonging to USAF 
stock class 16-F. 

Visual and Mechanical Inspection 
3-30. Inspection of crystal holders to determine 
if material, design, construction, marking, and 
workmanship comply with applicable specifica
tions. For greater detail, refer to Fabrication Re
quirements, paragraphs 3-8 to 3-14. 

Work111anship Require111ents (See paragraph 3-20) 
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SECTION IV-CRYSTAL OYENS 

INTRODUCTION 

4-1. Section IV is divided into two main parts. 
Part I is a diseussion of the design of crystal 
ovens. Part II consists of a series of technical 
data sheets describing currently available crystal 
ovens that are suitable for use with the recom
mended Military Standard crystal units listed in 
Section II. 

4-2. Part I, Design of Crvstal Ovens, begins with 
a brief discussion of the development of crystal 
ovens leading to the present state of the art. In
cluded is a reprint of a Signal C9rps Technical 
Requirements report that outlines the operational 
and test specifications to be met in the develop
ment of new crystal ovens for use by the Armed 
Services. Following this -is a general discussion 
of the construction features of a representative 
crystal oven. Next, various types of thermostats 
and temperature-control circuits are described 
briefly and illustrated. Finally, the thermal fac
tors involved in maintaining a crystal at a constant 

operating temperature are analyzed qualitatively 
in some detail. As an aid to the radio engineer, 
the thermal parameters are interpreted in terms 
of their electrical analogues. Because of the com
plexity of the many distributed variables, a non
approximating rigorous approach is not practical 
at the present state of the art. What is attempted 
is to aid the developmental engineer by making 
explicit the basic physical problems involved. 
4-3. Part II, Technical Descriptions of Crystal 
Ovens, includes descriptions only of crystal ovens 
meeting military specifications, which have been 
designed to accommodate Military Standard crys
tal holders of Group I, Section III. All such 
ovens, where the information has been available, 
have been included; but because of unavoidable 
omissions, the list should be considered representa
tive rather than inclusive. A listing by type and 
number of crystal holders each oven will accom
modate is provided by a technical data chart at 
the beginning of Part IL 

PART I 

DESIGN OF CRYSTAL OYENS 

DEVELOPMENT OF TEMPERATURE-CONTROLLED 
CRYSTAL OYENS 

Tre•ds I• the De111a•ds of Crystal-Ovea 
Perfonna11Ce 
4-4. During the early years of crystal osciJlators, 
when the large frequency-temperature-coefficient 
X and Y cuts were the principal quartz elements, 
good frequency stability required very accurate 
control of the crystal temperature. For example, 
an X-cut element having a temperature coefficient 
of 20 parts per miJiion per degree C would need 
to be maintained within ± ¼. °C of its mean tem
perature if the frequency were not to !leviate more 
than 0.0006 per cent. A Y-cut element having a 
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temperature coefficient four times as great would 
need to be limited to an operating temperature 
range of ± ½ 6 °C for the same permissible fre
quency deviation. To control the temperature of 
relatively large crystal units within such narrow 
limits required the use of carefully designed, but 
rather bulky and expensive ovens. 
4-5. With the arrival of the zero-temperature-co
efficient quartz elements, the demand for precise 
temperature control greatly decreased. Where an 
oven formerly was required to maintain an oper
ating temperature within ±0.1 °C, its subsequent 
functional equivalent was permitted temperature 
cycles of ± 1°C and greater. As a result, smaller 
and cheaper ovens soon bec4rne conventional. 
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These consumed less power and employed less 
sensitive but more rugged thermostats than was 
originally feasible. 

4-6. It has only been in recent years that a strong 
demand has again arisen for greater care in oven 
design. This demand has a threefold nature : 

a. Better ovens are needed to maintain even the 
conventional tolerances in ope1·ating temperature 
for the wide variations in ambient temperature 
now required of military equipment. 

b. To relieve the overcrowding of the radio
frequency spectrum, very small percentage devia
tions in crystal frequency, and hence in oven 
temperature, are needed to make full use of the 
v-h-f range. 

c. It is important that improved performance 
be obtained without increasing the size of ovens; 
indeed, it is highly desirable that the size be fur
ther reduced. For the above r~asons more than 
routine attention is now being given to possible 
improvements in the design of crystal ovens, 
especially small ovens. 

Types of Crystal Ovens 
4-7. Ovens used for housing crystal units can be 
broadly classified into three types: a. Large 
transmitter ovens. b. Precision laboratory ovens. 
c. Small ovens. 

a. Large temperature-controlled compartments 
employed in fixed-plant radio transmitters. It is 
not uncommon for these ovens to house the entire 
oscillator circuit; in which case the crystal unit 
may be additionally protected from temperature 
changes by being mounted in a separately-con
trolled inner chamber. These ovens are normally 
equipped with thermometers for indicating the 
compartment temperature on the front panel or 
through a window. The transmitter,'of which the 
oven is an integral part, is often intended to oper
ate in buildings where the room temperature is 
not expected to vary by more than ±15°C. Under 
such an ambient range, the large transmitter oven 
can be expected to maintain the crystal tempera
ture within ± 1 °C to ±0.1 °C, depending upon the 
type of thermostat, the compartment design, and 
the mounting arrangement of the components 
within the oven. Monitoring, alarm, and automatic 
standby thermostatic circuits in case of thermostat 
failure are occasionally to be found. 

b. Large temperature-controlled boxes for hous
ing crystal units employed in frequency and time 
standards requiring laboratory precision. This 
type of oven most often uses a mercury thermo
stat. Where extreme precision is required, elec
tronic amplification of a thermistor-bridge 
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thermostat may be employed. The boxes are con
structed with thick walls consisting of heat-dis
tributing and heat-insulating layers interleaved 
with heater windings. For ambient temperature 
variations of± 15°C, temperature-controlled boxes 
can maintain the temperature at tolerances of 
±0.1 °G to ±0.001 °c. The latter tolerance is suffi
cient to Jimit the frequency deviation of an aver
age zero-coefficient quartz element to one part in 
ten billion, if the operating interval is not too 
long. 

c. Small crystal ovens equipped with plug-in 
bases for mounting in standard sockets, or with 
bases designed for fastening directly to a chassis. 
This is the type of crystal oven most commonly 
encountered and of greatest importance to the 
design engineer of military radio equipment. It 
is the only oven type to consider for use in small
and medium-sized equipments. The data sheets in 
Part II of this section describe several small ovens 
of this class which are currently available and 
which have been designed for use with Military 
Standard crystal units. The average performance 
of these ovens, although generally satisfactory for 
normal ranges of room temperature, cannot be 
said to be entirely satisfactory when subjected to 
the subfreezing temperatures often required of 
military equipment. Because of the increased at
tention being given to the design and development 
of better small ovens, the radio engineer can rea
sonably expect a continuous improvement in avail
able models for the next few years. A landmark 
in the recent trend toward improved oven design 
was established when Messrs. H. Keen, N. Tet
rault, and J. Gilbert of Lavoie Laboratories de
veloped a small oven capable of ±0.15°C stability 
over the ambient range of -40° to +70°C. Such 
a temperature stability is more than adequate for 
the great majority of purposes. For airborne 
equipment, until such time that crystal units 
and/or crystal circuits can be designed to be in
herently temperature-compensating, the demand 
will continue for ever smaller sizes, lighter 
weights, less power consumptions, as well as 
greater temperature stabilities, particularly in the 
case of the multiple-position ovens mounting sev. 
eral crystal units. 

Armed Services Technical Requirements for 
Crystal Ovens of New Design 
4-8. The following digest is a reprint of the de
tailed requirements for the development of crystal 
ovens to be used by the Armed Services, as estab
lished by the Frequency Control Branch, Squier 
Signal Laboratory, Fort Monmouth, New Jersey, 



October 21, 1952, in Technical Requirements for 
PR&C 59-ELS/R-9610: 

a. Temperature, Operating: 75°C and 85°C. 
b. Temperature Setting Tolerance: ±3°C. 
c. Temperature Cycling Tolerance: ± 1 °C 

over the entire operable temperature 
range. 

d. Operable Temperature Range: -40 to 
+60°C (75° oven), -40 to +70°C (85° 
oven). 

e. Storage, Vibration and Shock: After un
dergoing the following tests, outlined in 
Specification MIL-T-945A, there shall be no 
degradation of performance and the oven 
shall continue to meet all other require
ments of the Technical Requirements. The 
expression "crystal oven" shall be substi
tuted wherever the expression "test set" 
appears in the referenced specification: 

Par. 4.4.2-Humidity Test 
Par. 4.4.4-Temperature and Altitude 

Test 
Par. 4.4.5-Vibration Test (omit Test 2) 
Par. 4.4.6-Shock Test 

f. Aging: Total shift shall not exceed 1 °C 
per month, oven operating, except temper
ature setting tolerance of sub-panel b shall 
not be exceeded. 

g. Temperature Retrace: The unit shall be 
capable of returning to its operating tem
perature ±1 °C during the following tem
perature-cycling test: unit on 8 hours, off 
for 16 hours, for a period of 10 cycles. 

h. Stabilizing: Unit should reach thermal 
equilibrium within 15 minutes at any tem
perature within the operable range. 

i. Operating Voltage: A-C-6.3 and 12.6 
volts ::j:::10% obtained by center-tapping the 
heater winding; also 26.5 volts ± 10 % . 

j. Temperature Measurement: Method will 
employ a high drift crystal. 

k. Mounting: Octal base with clamping fix
ture. 

I. Shape: No factor. 
m. Interchangeability of Components: De

sirable for replacement purposes. 
n. Size: Maximum limits: 4 in. high x 1½ in. 

diameter, or, if rectangular, 1½ in. on a 
side. 

o. Pin-to-Pin Capacitance: Shunt capacitance 
across crystal pins (crystal removed) shall 
not exceed 5 p.p.f. 

p. Thermostats: If thermostats are employed 
they shall be hP-rmetically sealed. 

q. Cavity Size: Sha1l be capable of housing 

·• 
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Crystal Holder HC-6/U. It is desirable, but 
not essential, that it shall also accommodate 
Crystal Holder HC-13/U. Temperature 
tests which may be conducted employing 
the latter type of holder will permit a 
greater tolerance in temperature limits. 

r. Workmanship: Components, subassemblies 
and parts shall be manufactured and as
sembled in a thoroughly workmanlike 
manner. 

s. Materials: All materials shall be entirely 
suitable for the purpose for which in
tended. 

GENERAL CONSTRUCTION FEATURES 
OF CRYSTAL OVENS 

Provisions for Temperature Control 
4-9. Figure 4-1 illustrates by diagram the prin
cipal elements to be considered in the construction 
of a crystal oven. The thermostat contains a 
temperature-sensitive element, usually one that 
operates by expanding and contracting as the 
temperature rises and falls. By one means or an-
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other, the temperature-varying property of the 
sensing element is used to control the power to an 
electrical heater, so that the power increases, or 
starts, when the temperature of the thermostat 
falls below the operating level, and decreases, or 
stops, when the temperature rises above the op
erating level. The heater power-control mechanism 
may, or may not, be mounted within the oven 
proper. 
4-10. For minimum temperature deviation at the 
crystal, the thermostat should be thermally in
sulated from the crystal chamber but in close 
thermal contact with the heat-distributing layer 
adjacent to the heater. This arrangement permits 
the crystal to be insulated from the temperature 
variations that must occur at the location of the 
thermostat in order for the thermostat to operate. 
The greater the heat capacity and the greater the 
heat resistance of the intervening layers, the more 
constant will be the crystal temperature. The 
inside walls of the crystal chamber should be 
metallic, that is, should have high thermal con
ductivity to distribute the heat uniformly around 
the crystal unit and minimize the temperature 
gradients within the crystal chamber. 

Provisions for Minimizing Power Requirements 
4-11. For conservation of operating power, the 
heater should be as well insulated as is practical 
against loss of heat to the outside. Ideally, maxi
mum insulation is to be obtained by enclosing the 
heater and inner compartment within an evacuated 
container having highly reflective walls-utilizing 
the same principle as in the Dewar flask and ther
mos bottle. Practically, the best insulation has 
been achieved by allowing an air spa.ce to separate 
the heater from the outer walls of the oven. Air, or 
other gas, is superior as a heat insulator compared 
with the best of the solid insulators; but this is 
true only if there is little or no transport of heat 
by mass movements of the gas from regions of 
higher to regions of lower temperature. Thus, if 
the dimensions and temperature gradient of the 
insulating air space are sufficient for convection 
currents to circulate around the heater, the space 
should either be subdivided by horizontal insulat
ing sheets or filled with porous insulating material 
such as glass wool, Celotex, cotton, hair felt, or 
balsa wood. Care should also be taken to prevent, 
or at least retard, convection currents at the outer 
surface of the oven. 
4-12. To reduce to a minimum the heat lost by 
radiation, the outer case of the oven should be a 
smooth-surfaced unpainted metal of low emissivity 
-aluminum, for example. If a plastic case is used, 
lining the inner and outer surfaces with metal foil 
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will equally retard heat loss by radiation. Coating 
a plastic surface with metallic paint can reduce the 
surface emissivity, and hence the radiation losses, 
to almost one-half that of the unpainted plastic, 
but these losses will be ten or more times greater 
than that of a pure metal surface. Markings on a 
metallic case should be kept to a minimum. A serial 
number alone can more than quadruple the radia
tion losses from that side of the oven. However, 
these precautions lose much of their importance if 
it is not practicable to prevent air currents from 
circulating around the outside of the oven; in 
which case the heat loss by radiation becomes rela
tively negligible compared with that by convection 
and need .not be considered a major design con
sideration. 

4-13. The electrical leads from the crystal chamber 
to the outside should be kept as small in cross
sectional area as possible, since these leads tend to 
"short-circuit" the crystal chamber thermally to 
the outside. From the point of view of small tem
perature tolerances, it would be desirable for these 
leads to be extended in length and close in thermal 
contact with the heat-distributing layers of the 
oven. Unfortunately, the leads must be kept short, 
well-spaced, and insulated electrically (which is 
equivalent to being insufated thermally) from 
metallic parts of the oven. These requirements are 
necessary in order to minimize the shunt capaci
tance that the oven adds across the crystal unit, 
and to a lesser extent, to minimize the distributed 
resistance and inductance added to the crystal 
circuit. As a general rule, the major factor limiting 
the performance of small crystal ovens over wide 
ambient temperature ranges is the heat leakage 
through the base ; particularly is this true for 
multiple-position ovens, where a leakage path 
exists for each individual terminal leading from a 
crystal sockt!t. 

Construction of Typical Small Oven 
4-14. Figure 4-2 shows the principal parts of a 
small commercial crystal oven equivalent to the 
Military type HD-54/U. The oven is not designed 
for precision control of the temperature. Because 
of the heat leakage through the base, it is question
able whether the temperature tolerance is less than 
±5°C over an ambient range of l00°C. The ad
vantage of this type of oven is its small size, light 
weight, and inexpensive design, which make it 
particularly suitable for general-purpose use in 
airborne installations. The thermal key, which is 
shown as part of the base assembly, is a metallic 
heat-distributing layer that makes close thermal 
contact with the base of the distributing shell 
around which the heaters are wound. The purpose 
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Figure 4-2. Smoll crystol oven equivalent to Military 
Type HD-54/U 
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of the thermal key is to conduct as much heat as 
possible around the crystal leads before they enter 
the crystal chamber. Tha baffle is a plastic cover 
that forms the walls of the crystal chamber. Its 
purpose is to provide a heat-storing, as well as a 
heat-insulating layer between the heater distribut
ing shell and the crystal unit. The metallic case of 
the crystal holder (type HC-6/U) provides suffi
ciently uniform heat distribution within the crystal 
chamber, for the purposes of the oven, so that an 
additional inner distributing layer is not provided. 
Two thermostats and two heaters are provided. 
One thermostat-heater combination is for quick 
oven warm-up when the oven is first turned on. 
This thermostat is adjusted to open its associated 
heater circuit at a temperature slightly below the 
desired operating temperature. The second ther
mostat-heater combination determines the actual 
operating characteristks. The outer cover is plas
tic and is of sufficient size to provide a small air 
space around the crystal compartment. The radia
tion losses are not considered significant compared 
with the conduction losses through the base and 
with the expected convection losses around the 
sides, so that a low-emissivity surface is not pro
vided. 

METHODS OF THERMOSTATIC 
HEATER CONTROL 

4-15. There are two genel·al methods of thermo
static heater control: the on-off method and the 
continuously-variable method. The latter permits 
the heater current to be varied gradually with the 
aid, usually, of vacuum-tube amplifiers until an 
equilibrium is reached between the heat being sup
plied and that being lost. This method is used so 
rarely that it will not be further considered. How
ever, the thermistor-bridge thermostat, which is 
discussed below as the control element of an on-off 
vacuum-tube heater circuit, is equally applicable 
as the control element of a continuously-variable 
vacuum-tube heater circuit. In the on-off method, 
the heater circuit is opened and closed periodically. 
The action of the thermostat varies the ratio of the 
on period to the off period until equilibrium is 
reached at the predetermined operating tempera
ture between the periodic supply of heat and the 
continuous heat leakage. The on-off thermostat of 
small ovens is usually connected in series with the 
heater windings. Where more sensitive thermo
stats are used, the heater current is controlled in
directly by relay-the thermostat contacts not 
being required to pass more than a small current 
sufficient to operate the relay. 
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POSITION OF ADJUSTING MECHANISM 

Figure 4-3. Typical differential curves of adiustable 
thermostat 

Temperature Differentials of TIMrmostats 
4-16. Figure·4-3 shows typical on-off curves of an 
adjustable thermostat. For any given thermostat 
adjustment, P,, the thermostat operating tempera
ture is the temperature, To, midway between the 
on and off temperatures, T, and T., respectively. 
The total width of the temp~rature gap, T,-T,. is 
called the backlash, and plus or minus one-half the 
backlash is called the differential of the thermo
stat. In general, the larger the differential, the 
longer is the operating life of the thermostat, al
though, of course, the less precise is its tempera
ture-controlling ability. 

Thermostats Used for On-Off Heater Control 
4-17. Any device that can be used as a thermom
eter can be modified for use as & thermostat. In 
practice, the bimetallic thermostat is the type most 
commonly encountered in crystal 9vens, but any 
corrosion-resistant metal having a large tempera
ture coefficient of expansion can be used as the 

sensing element without the bimetallic construc
tion, as long as the associated mechanism provides 
sufficient sensitivity for opening and closing the 
thermostat contacts. Where above-average pre
cision is required, a mercury thermometer is 
usually employed. Thermistors are also occasion
ally used as the temperature-sensing element, 
maximum sensitivity being obtained by connecting 
the thermistor as one arm of a resistance-bridge 
circuit. 

BIMETALLIC THERMOST.4TS 
4-18. Bimetallic sensing elements are constructed 
by welding together two thin metallic strips which 
have widely different temperature coefficients. of 
expansion. Since one of the metals expands and 
contracts with changes in temperature at a 
greater rate than the other, the effect of a change 
in temperature is to cause a straight bimetallic 
strip to bend. Figure 4-4 illustrates a number of 
the more common types of bimetallic sensing ele
ments. The deflection of these elements is denoted 
by the symbol d for linear displacements and by 
the symbol ,t, for angular displacements. An angu
lar expression of the deflection is more convenient 
for the helix and spiral elements since the exact 
linear deflection of a contact will depend upon the 
length of a contact arm fastened to the moving 
end of the bimetallic coil. Equations for the deflec
tions indicated in figure 4-4 are given in the table 
below. 

d linear displacement in same dimensions as 
I, t and D 

"' I 
t 

D 
AT 

k 

angular displacement in radians 
length of strip 
overall thickness of strip 
diameter of double-helix coil 
degrees centigrade change in temperature 
k., k1,. or k, = temperature coefficient of 
deflection in parts per degree centigrade 

Bimetallic Strip I Deflection Equation Representative Values of k 

(A) Cantilever d k.PAT/t 12 to 20 X lQ-6 

(B) U-Cantilever d - k.l2AT /2t 12 to 20 X 10-6 -
(C) End-Supported d = k.l'AT/4t 12 to 20 X 10-6 

(D) Double-Helix d - kblDAT/t 10.5 to 18.5 X 10-s -
(E) Helix ,t, - k..lAT/t 1600 to 2500 X 10-6 -
(F) Spiral ,t, - kJAT/t 1600 to 2500 X IQ-6 -
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Electrical Resistance of Bimetals 
4-19. Since the thermostat deflection is used to 
open and close an electrical circuit, the bimetallic 
strip, itself, often forms part of the circuit. In 
this case, with proper design, the additional heat 
supplied the bimetal due to its electrical resistance 
can be used to boost the thermostat's temperature 
response, making it more sensitive, and effectively 
reducing the operating differential of the sur
rounding area. In general, the bimetals having the 
higher deflection coefficients also have the higher 
electrical resistivities. Per circular mil foot, bi
metal resistances range approximately from 20 to 
700 ohms. 

Adjustment of Bimetallic Thermostat 
4-20. Within limits, the operating temperature of 
a bimetallic thermostat can be adjusted by vary
ing the position of the fixed contact relative to 
the room-temperature position of the moving con
tact. The greater the deflection that is required 
of the moving contact relative to its initial posi-

i8J U·CAHTiLEVER STRIP 

!Cl ENO·CLAMPEO STRIP 

(£} HELIX ~TRIP 

!Fl SPIRAL STRIP 

Figure 4-4. Basic types of bimetallic strips 
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tion, the higher will be the operating temperature. 

Creep- and Snap-Action Bimetallic Thermostats 
4-21. The deflection of a bimetallic strip can be 
used to open and close an electrical circuit either 
slowly, creep action, or abruptly, snap action. 
Creep thermostats are the more sensitive, requir
ing smaller differentials, and are less likely to fail 
because of fatigue since the bimetallic element is 
not subjected to vibration or shock. But the con
tact life is short compared with that of the snap 
thermostat. This is because of the increased ex
posure to heating and sparking due to the pro
longed periods when the contacts are only barely 
touching or barely separated. Other limitations of 
the creep thermostat are its tendency to chatter 
and the fact that it cannot be used in equipment 
subjected to vibration. These disadvantages are 
avoided by the use of a snap thermostat. In fact, 
the response of the abrupt, positive contact action 
of the snap thermostat is actually aided by a 
moderate amount of vibration, requiring slightly 
smaller temperature differentials than would 
otherwise be the case. A creep thermostat can 
be readily converted into a snap type by fastening 
permanent magnets to the contacts. The contact 
life of either type is increased by mounting in 
vacuum, or at least, in a hermetically sealed holder, 
and by using low a-c voltages in noninductive 
circuits. Where necessary, additional protection 
against sparking at the contacts is to be had by 
shunting the contacts, or inductive parts of the 
circuit, with a suitable resistance and capacitance 
in series. This is particularly necessary if the ther
mostat is used to control the current of an induc
tive relay, or if voltages higher than 30 volts are 
employed. The average life of a snap thermostat 
is on the order of 100,000 actions, although there 
are a number of significant exceptions to the 
average. For example, the E-shaped, bimetallic 
cantilever element, see figure 4-5, is claimed to 
have a life of a million actions. These elements are 
available in a number of small sizes that should 
be sufficiently sensitive for use in crystal heater 
circuits where the thermostat contacts must pass 
the entire heater current. 

I .. : <:::;;;;;;; I 

,__CD 7r: 
Figure 4-5. E-shaped, bimetallic, snap thermostat 
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Heater Control Circuits Using 
Bimetallic Thermostats 
4-22. Figure 4-6 shows several temperature-con
trolled heater circuits suitable for use with bi
metallic thermostats. Generally, voltages over 80 
volts are avoided in the thermostat circuit, 6-volt 
sources being those most often employed. In cir
cuit 4-&(A), the thermostat contacts must be of 
sufficient size to pass the full heater current. Dif
ferentials as low as ±0.5°C are possible here, but 
values two and three times this are more com
mon in the average oven. Short cantilever strips 
mounted in evacuated glass envelopes are the most 
sensitive per unit length and have comparatively 
long lifetimes. This type of thermostat is tamper
proof and is the most Pconomical in space and in 
cost. Its chief disadvantage is that the sealed unit, 
although permitting a long contact life, prevents 
the thermostat from being adjustable. Thus, rela
tively high tolerances in the nominal operating 
temperature must be allowed the manufacturer. 
4-28. Figure 4-6(B) shows a circuit in which a 
sensitive helix-type bimetallic thermostat can be 
used to control an electromagnetic relay. The re
sistance of the relay must be sufficient to limit the 
current to a value not exceeding the maximum 
current permissible for the thermostat contacts. 
In this type of circuit the thermostat current need 
not exceed 5 or 10 ma, and operating differentials 
less than ±0.1 °Care possible. The resistor- capac
itor combination protects the thermostat from 
high induced voltages when the circuit is opened. 
4-24. Figure 4-6(C) is a hot•wire-relay circuit 
that permits the use of the more sensitive bi"." 
metallic thermostats without the disadvantages of 
highly inductive loads introduced by electromag
netic relays. The hot-wire relay permits. thermo
stat currents as low as 50 ma, and operating 
differentials as low as ±0.l °C. 

MERCURY THERMOSTATS 
4-25. Mercury thermostats, see figure 4-7, are 
mercury thermometers constructed with bulb and 
capillary electrodes which enable the mercury 
column to close an electrical circuit at a preset 
temperature. The sensitivity of the average mer
cury thermostat is on the order of 0.2 in./°C; but 
sensitivities 5 times as great are feasible. The 
sensitivity is directly proportional to the ratio, 
V /D2

, where V is the volume of the bulb and D 
is the diameter of the capillary. Theoretically the 
sensitivity can be increased indefinitely by increas• 
ing the volume of the bulb. Practically this is not 
possible, because when large bulbs are used ambi
ent effects other than temperature, pressure for 
example, also become significant factors in deter-



mining the exact height of the mercury column. 
In addition, the larger the bulb, the greater its 
thermal inertia, so the slower becomes the response 
to changes in the temperature of the surround
ings. Average operating differentials range from 
±0.02°C to ±0.05°C. The operating temperature 
can be adjusted by having separate electrodes in 
the capil1ary for each desired temperature, as is 
indicated in figure 4-7. For a continuous range 
of operating temperatures, mercury thermostats 
have been designed with a movable platinum-wire 
electrode that makes sliding contact with a fixed 
terminal. The movable electrode is fastened to a 
small iron rod so that adjustments can be made 
with the aid of a small permanent magnet. The 
height of the electrode is varied simply by sliding 
<.he magnet up and down the outside of the capil
lary tube. This type of laboratory thermostat 
permits excellent frequency precision since the 
operating temperature of the oven can be ad
justed to match exactly the zero-temperature
coefficient point of a crystal. 

4-26. Figure 4-8 shows a typical temperature
control circuit employing a mercury thermostat. 
Note the high resistance in the thermostat circuit. 
This resistance should be sufficient to limit the 
current to 1 or 2 microamps or less. At the most, 
the current should not exceed 5 microamps, other
wise the mercury may become ,fouled. With negli
gible currents, the operating life of the thermostat 
can be quite long. When inoperation does, occur 
it is usually due to capillarity effects. The mercury 
thermostat, because of its fragility and the size 
and expense of the associated circuit components 
is suitable for use only in those large fixed-plant 
or laboratory crystal ovens that require above
average temperature stability. 

Thermistor-Bridge Thermostats 

4-27. Thermistor-bridge thermostats have the ad
vantage of requiring no moving parts. Their sens
ing of temperature changes takes the form of a 
continuously variable voltage subject to unlimited 
vacuum-tube amplification, so that theoretically no 
minimum limit exists for the operating differen
tial. In practice, with the use of high-gain vacuum
tube circuits, the thermistor bridge can be made 
to respond to temperature differentials as small 
as ±0.001 °C. Because of its elaborate circuit re
quirements the thermi~tor bridge is not generally 
practical for temperature control of crystals ex
cept when the utmost temperature stability is 
necessary. 

4-28. Figure 4-9(A) is the schematic diagram of 
a moderately sensitive thermistor circuit which 
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Figure 4-8. Heater control circuit using mercury 
thermostat 

employs a vacuum-tube-operated electromagnetic 
relay to control the heater current. It can be seen 
that the input of V, is connected across the-resist
ance bridge, which is driven by a 60-cycle signal 
introduced from the bridge transformer. When the 
temperature rises to a point where the thermistor 
resistance balances the bridge, the input signal to 
V, becomes zero. As the temperature continues to 
rise, the signal again begins to build up, but oppo
site in phase to its polarity when the temperature 
was below the balance point. The polarity of the 
"above-balance" signal is such that the amplified 
input to V, is in phase with the 60-cycle voltage 
applied to the V, plate. Note that V, is operated 
primarily as a half-wave rectifier. The heater re
lay coil serves as the inductance of the LC filter 
of the rectified plate voltage, but also as a 2-K 
cathode-biasing resistance. When the polarities of 
the Vs input and plate voltages are in phase, the 
plate current is sufficient to operate the relay and 
open the heater circuit. The thermostat circuit that 
is shown is not sufficiently sensitive to justify its 
operation for crystal ovens without the addition of 
at least one more amplifier stage. To be preferred, 
is a high-gain voltage amplifier used in conjunc
tion with a gas-filled relay tube as shown in figure 
4-9(B). If desired, the thermistor can be simply 
a copper winding. Copper, with a temperature co-
efficient of resistance of 0.0043/°C, will have a re
sistance variation with temperature 100 or more 
times that of the manganin bridge arm of equal 
nominal resistance. Among the metals, the highest 
temperature coefficients of resistance at normal 
oven temperatures are those of iron and of nickel, 
which range between 0.006 and 0.007 parts per °C. 
The temperature coefficient of tungsten is between 
0.0045 and 0.005 part per °Cat oven temperatures. 

Thermostat Monitoring 
4-29. Where a constant check on the crystal tern-
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perature is necessary, additional thermostat cir
cuits can be provided for automatic monitoring. 
In the event the temperature should fall below or 
rise above the desired differential range, the 
thermostat monitoring circuits can be designed to 
operate alarms or to switch the heater control to 
a standby thermostat. The possible modifications 
are quite varied, but relatively easy to design once 
the basic monitoring requirements of the circuit 
are agreed upon. Figure 4-10 shows a typical 
alarm circuit. For simple monitoring, a pilot lamp 
connected across the heater is sufficient to indicate 
the on-off operating cycle, and a mercury ther
mometer is sufficient to indicate the operating 
temperature. 

THERMAL ANALOGUES OF ELECTRICAL 

PARAMETERS 

4-30. The electrical concepts of voltage, current, 
conductance, and capacitance have their analogues 
in the thermodynamic laws of heat conduction and 
storage, where the laws that govern the flow of 
heat are mathematically equivalent to the laws 
that govern the flow of electricity. If difference 
of te,,,.,j;erature replaces the term difjerence of 
potential, and current is interpreted to mean a net 
flow of thermal energy past a point per unit time, 
instead of a net flow of electric charge, then the 
terms, thermal conductivity and thermal conduct
ance, and the reciprocals, thermal resistivity and 
thermal resistance, are defined by the same rela
tions that define their electrical counterparts. 
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ThermQI ~urrent 
4-31. Thermal current, heat/unit time, has the 
same physical dimensions as power, and, if desired, 
can be expressed in watts. For example, if a metal 
rod, well insulated along its length, is heated con
tinuously at one end by an electrical heater im
bedded in the rod at that end, the heat will be 
conducted down the rod at the same rate at which 
it is produced; so that a proper measure of the 
thermal current would be the wattage of the 
heater. Where units of heat capacity are involved, 
it is common to express heat in units of the gram-, 
or kilogram-calorie. One gram-calorie is the quan
tity of heat required to raise the temperature of 
one gram of water one degree centigrade. One 
gram-calorie per second equals 4.186 watts. A 1-
watt flow of heat is thus equal to a thermal current 
of approximately 0.25 gram-calories per second. 

Thermal Conductivity 
4-32. The thermal conductivity, K, of a well
insulated conducting segment of cross-sectional 
area A and length L is given by the equation 

K = ~T~ 4-32 (1) 

where .6. T is the difference in temperature between 
the two ends of the segment when a steady ther
mal current, Ia, is caused to flow along the length. 
If Ia is measured in gram-calories/second, A and 
L in centimeter units, and .6. T in centigrade de
grees, K is expressed in units of gm-cal/sec cm 
deg C. Approximate values of representative con
ductivities are given in the following table. 

Thermal 
Conductivity, K Material 

(gm-cal/sec em deg C) 

1.0 Copper, Silver 
0.5 Aluminum 
0.19 Mercury 
0.03 Quartz (parallel to Z 

axis) 
0.016 Quartz (perpendicular 

to Z axis) 
0.012 Carbon (graphite) 
0.0025 Glass, Porcelain 
0.0018 Mica 
0.0006 Asbestos paper 
0.0004 Rubber, Average Plastic 
0.0001 Cork, Glass wool in air 
0.00008 Hair felt in air, 

Rock wool in air 
0.000057 Air 
0.000052 Nitrogen 
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Thermal Resistance 
4-33. The thermal resistance of a conductor of 
length L, cross sectional area A, and thermal con
ductivity, K, is defined by the equation 

L 
RH= KA 4-33 (1) 

We shall arbitrarily define the unit of thermal re
sistance to be the resistance of a thermal conductor 
that requires a difference of temperature of 1 °C 
between the ends of the conductor in order for 
one calorie per second to flow through it. This unit 
we shall call a "thermohm." 

Thermal Ohm's Law 
4-34. Wh<>n equations 4-32 ( 1) and 4-33 (1) are 
combined to cancel the term, L/KA, the following 
"Ohm's law" for thermal circuits is derived: 

AT 4-34 (1) 

Note ~hat AT, the "temperature drop" across the 
resisb ice, Rn, of a thermal circuit, is similar to 
i:i. V, t.e voltage drop across the resistance of an 
electrical circuit. Where AV is a measure of the 
difference of potential energy per unit charge, AT 
can Le shown to be a measure of the difference 
of kinetic (thermal) energy per unit matter (i.e., 
per unit particle). 

Stefan-Boltzmann Law 
4-35. The heat radiation from a surface is not a 
linear function of the temperature, but obeys a 
f,wrth power equation that is known as the Stefan
Boltzmann law: 

4-35 (1) 

where In is the total heat radiated per second, A 
is the area of the radiating surface, e is the emis
si city of the surface, er is the Stefan-Boltzmann 
constant, and T is the temperature in Kelvin 
(absolute) degrees. 

Rddianc:y 
4-36. The radiant energy emitted per second per 
unit area is called the radiancy of a body. Thus, 

Radiancy 4-36 (1) 

Absorptivity and Emissivity 
4-37. An isolated body in thermal equilibrium with 
its surroundings wiH necessarily be absorbing and 
emitting thermal energy at the same rate. A body 
that absorbs all of the radiation incident to its 
surface, reflecting none, is called an ideal black 
body. The fraction of the incident radiation ab
sorbed is called the absorptivity of the body, which 
in the case of an ideal black body is equal to 1. 
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Now, since at thermal equilibrium, the radiancy 
must equal the rate of absorption per unit area, 
the radiancy of an ideal black body must equal the 
radi~ncy of the empty space surrounding the body. 
For the same reason, if the absorptivity of a body 
is small, its radiancy, relative to black body radi
ancy, must also be small in exactly the same pro
portion when at thermal equilibrium with its sur
roundings. The ratio of the radiancy of a body to 
that of an ideal black body is the emissivity, e, 
of the bQdy. Note that e is also equal numerically 
to the absorptivity. 

Stefan-Boltzmann Constant 
4-38. Since e is equal to 1 for an ideal black body, 
the radiancy of an ; ,eal b];;,·k body i:.; equal to uT4• 

The constant u, which equals the radiancy of an 
ideal black body per (degree) 4, has been found 
experimentally to be 

er 5.73 X 10-a milliwatts/cm2 deg4 K 

Expressed in calories, 

rr 1.37 X 10- 12 cal/sec cm2 deg4 K 

Emissivities of Various Substances 
4-39. The emissivities of bodies for radiations in 
the visual range can be judged by the amount of 
reflection when the body is exposed to white light. 
Thus, in the case of diffuse reflections, bright white 
surfaces have low absorptivities, and hence, low 
emissiviities, and dull black surfaces have high 
emissivities. However, the emissivities of most 
substances vary considerably with the frequency. 
A green object, for example, indicates a lower 
emissivity for the green band of the light spec
trum than for the other bands. Asbestos, which is 
white, has a total emissivity at low temperatures 
equal to that of lamp black, which is 0.95. Wet ice 
at 0°C has an emissivity of 0.97, and white hoar 
frost has an emissivity of 0.985, which is the near
est to ideal black body conditions so far discovered 
in solids or liquids. The lowest emissivities are to 
be obtained with polished silver and gold, where 
at low temperatures values of 0.02 can be realized. 
Values for the total emissivity of aluminum vary 
somewhat, ranging from 0.022 to 0.08 at relatively 
low temperatures. Emissivities of 0.022 and 0.028 
appear to be approximately correct for pure alumi
num at temperatures of 25°C and 100°C, respec
tively, whereas the higher emissivities are due to 
various degrees of oxidation or moisture adsorp
tion at the surface. A completely oxidized alumi
num surface, for instance, has an e of 0.11 at 
200°C. Surface oxidation usually raises the emis
sivity of a metal several fold. On oxidation, the 
emissivity increases from 0.02 to 0.6 for copper, 



0.05 to 0.35 for nickel, 0.09 to 0.43 for monel 
metal, 0.05 to 0.6 for lead, 0.08 to 0.8 for steel, 
and 0.035 to 0.6 for brass. Quartz, itself, has a 
relatively high emissivity (approximately 0.9) at 
low temperatures, so that even if the unplated sur
face area of a metal-plated crystal is only as much 
as 1/10 the total area, the total effective emis
sivity will be several times that of the plated area 
alone. 

Radiant Heat Flow 
4-40. Since the absorptivity is equal to the emis
sivity, the radiant energy being absorbed by a sub
stance is given by the same equation that defines 
the energy being radiated-that is, by equation 
4-35 ( 1), except that T represents the absolute 
temperature of the surroundings, rather than of 
the substance, itself. Thus, the net flow of radiant 
heat away from a surface, equal to the radiated 
minus the absorbed energy per second, is given 
by the equation 

4-40 (1) 

where I..1. is the rate of radiant heat being absorbed, 
TO is the temperature in Kelvin degrees of the 
surface, and T. is the temperature of the surround
ings. Now 

To4 T,4 = (To T.) (To+ T.) (To•+ T.2
) 

AT(2To - AT)(2To' 2ToAT + AT') 

AT(4T.3 - 6T0
2AT + 4ToAT2 

- AT3
) 

where AT T0 - T •. If the difference in the two 
temperatures is small in comparison with their 
magnitudes, the percentage error will be negli
gible for most practical purposes if the higher
power AT terms are dropped. Thus, equation (1) 
can be written approximately 

111 = 4AeuT0
2 (T0 - 1.5 AT)AT 4-40 (2) 

Equivalent Thermal Radiation Resistance 
4-41. Technically, thermal conductance and its 
reciprocal, thermal resistance, are measures of the 
ability of a substance to transport heat by virtue 
of molecular impacts alone; but to facilitate the 
illustration of thermal circuits schematically, we 
shall represent heat radiation by assuming equiv
alent conducting paths having appropriate ther
mal resistances. (Heat transport by air convection 
shall be treated merely as an increase in air con
ductance, and not as being due to a separate con
ducting path.) 
4-42. The equivalent radiation resistance indicated 
by equation 4-40 (2) is 

AT 1 
RH IH 4Ae,,-T

0
1 (T

0 
- 1.5 AT) 4-42 (l) 
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Equation ( 1) indicates that for oven surface 
temperatures between 50° and 85°C (323° and 
358°K), the effective radiation resistance approxi
mately doubles as AT is varied from 0° to 100°. 
For example, assuming a T0 of 350°K and an e of 
0.08, the effective radiation resistance of 1 sq cm 
of a partially oxidized aluminum surface will vary 
approximately from 50,000 to 100,000 thermohms 
as the ambient temperature increases from 350° 
to 230°K. 

Heat Capacity 

4-43. Heat capacity is defined as the thermal en
ergy required to raise the temperature of a sub
stance one degree. The relative capacities of 
materials for storing thermal energy are more 
generally described in terms of specific heat. The 
specific heat of a substance is the heat capacity 
of one gram of the substance as compared with 
the heat capacity of one gram of water. Numeri
cally, then, the specific heat is equal to the number 
of calories required to raise one gram of the sub
stance one degree. The heat capacity of a quantity 
of matter varies directly with the number of atoms 
or molecules contained that are free io absorb 
thermal energy. At the same temperature, the 
average heavy atom has the same thermal energy 
per degree of freedom of motion as the average 
light atom. Thus in solids, where the density of 
atoms per unit volume does not vary nearly as 
much as the density of mass per unit volume, the 
lighter substances generally have the greater spe
cific heats. (For instance, aluminum, which has an 
atomic weight of 27 and a density of 2.7 gm/cc, 
has a specific heat of 0.21 cal/gm deg C; whereas 
lead, with an atomic weight of 207 and a density 
of 11.3 gm/cc, has a specific heat of 0.03 cal/gm 
deg C.) If the change in the thermal energy of a 
system at thermal equilibrium is plotted as the 
ordinate against the temperature as the abscissa, 
the slope of the curve at any point is the instan
taneous value of the heat capacity at that tem
perature. At temperatures where there is a change 
of state, the heat capacity of a substance may rise 
to a very high value. For example, at 0°C, the in
stantaneous heat capacity of ice water approaches 
infinity, since heat can be absorbed without a 
change in temperature. 

Equivalent "Electrical Circuits of Crystal Ovens" 

4-44. The relations among the various thermal 
parameters that affect the performance of a ther
mostatically-controlled oven can be more readily 
seen if we represent the equivalent thermal circuit 
by schematic diagrams, borrowing electrical sym
bols (see figure 4-11) to represent their thermal 
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THERMAL RESlSTANCE 

' HEAT CAPACITY 

• O'C (REFERENCE TEMPERATURE LEVEL) 
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' HEAT RESERVOIR AT CONSTANT -C" TEMPERATURE 

CONSTANT-CURRENT CALORIE GENERATOR 

• CENTIGRADE THERMOMETER 

• IMAGINARY THERMAL CURRENT METER 

' HEATER BREAK THERMOSTAT 

' HEATER MAKE THERMOSTAT 

Figure 4- 1 1. Electrical symbols applied to parameters 
of thermal circuits 

= 

analogues. Figure 4-12 is the schematic diagram 
of the "equivalent electrical circuit" of a repre
sentative constant-temperature crystal oven. The 
actual thermal circuit, of course, consists of con
tinuously distributed heat resistance and capacity. 
A rigorous quantitative description would require 
the use of exponential functions and an analysis 
of the thermal transients. Nevertheless, reasonable 
approximations can be made and greater simplic
ity achieved if the circuit is represented by linear, 
lumped parameters, and steady ·state conditions 
assumed, as is done in figure 4-12. The symbols of 
the circuit parameters indicated in figure 4-12 are 
Defined as follows: 

G1 = a calorie g2nerator having an output 
equal to the power losses in the crystal 

G, = a calorie generator having an output 
equal to the wattage of the heater 

T, = the temperature, or "difference of poten
tial" between the crystal and "ground" 
(0°C) 

T2 = the temperature at the walls of the crys
tal chamber 

Ts = the temperature of the heater and ther
mostat 

T, = the ambient temperature, which is repre
sented as determined by the connection of 
S1 to the heat-reservoir "battery" 

Ts= the temperature of the electrical termi
nals of the crystal unit 

11 = current meter reading, which in the 
steady state equals the output of G, 

R14 R15 ~ 
-c• 

JC7 Jea 
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I,= average cal/sec passing from the heater 
and crystal to the outside 

All the resistance values refer to thermal, not elec
trical resistances. 

R1 = effective lumped resistance of crystal and 
electrodes 

R2 = equivalent resistance to radiation from 
crystal to walls of holder 

R. = equivalent resistance to radiation from 
holder to walls of inner chamber 

R. = equivalent resistance to radiation from 
heater to outer walls of oven 

R, = equivalent resistance to radiation from 
oven to ambient atmosphere 

R. = effective lumped resistance from crystal 
and electrodes via air to walls of holder 

R, = effective lumped resistance of walls of 
holder 

R, = effective lumped resistance of air from 
holder to walls of inner chamber 

R. effective lumped resistance of walls of 
inner chamber and of heater surround
ing the w;c1lls 

R,o = effective lumped resistance of air from 
inner to outer walls 

Rn = effective lumped resistance of outer wans 
R 12 = effective lumped resistance of air sur

rounding oven (normally reciprocal of 
equivalent convection conductance) 

R 1" = effective lumped resistance of wires sup
porting crystal 

R,. = effective lumped resistance of crystal
unit electrical leads and terminals 

Rrn = effective lumped resistance of external 
circuit and electrical insulation 

R,. = effective lumped resistance between ter
minal leads and the heat distributing 
layer- of oven chamber 

Ri. = effective lumped resistance of base, in
cluding electrical ground connection 

R,. = effective lumped resistance of air and 
mounting fixtures in contact with base 

R,. = equivalent resistance to radiation from 
base of oven 

C, = effective lumped heat capacity of crystal 
and electrodes 

C2 = effective lumped heat capacity of holder, 
except the electrical leads 

C:1 = effective lumped heat capacity of inner 
walls of oven chamber 

c. effective lumped heat capacity of heater 
and outer heat-distributing wall of oven 
chamber 

C, = effective lumped heat capacity of thermo
stat and miscellaneous fixtures in close 
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thermal conU:ict with outer heat-distribut
ing wall of oven chamber 

c. = effective lumped heat capacity of outer 
wall 

C1 = effective lumped heat capacity of electri
cal leads in crystal holder 

Cs = effective lumped capacity of external elec
trical circuit 

C9 = effective lumped capacity of base 
S, = imaginary control varying the ambient 

temperature 
S2 = thermostat switch controlling heater 

In general, the resistance values close to the crys
tal are larger than those farther removed because 
of the much smaller cross sectional area of the 
conducting path. On the other hand, the capaci
tance values farther out are much greater than 
the inner values because of the larger volumes con
tained. Because it is desired to keep the weight 
and volume as small as possible, as well as the 
time required to bring the oven to the operating 
temperature, those conditions that would tend to 
increase the heat capacity of all parts except the 
inner chamber wall (C:1) between the heater and 
the crystal are generally considered undesirable, 
and the design engineer is normally more con
cerned with providing sufficient insulation and a 
uniform distribution of the heat under steady
state conditions. Under steady-state, or "d-c" con~ 
ditions the values of the capacities are of no 
significance, but since the heater is being alter
nately turned on and off, there is an "a-c" com
ponent in the heat flow; in this connection the 
capacity effects must be considered. 

4-45. The principal function of the circuit in figure 
4-12 is to maintain the temperature T, of the crys
tal unchanged when the ambient temperature T. 
is varied. To a first approximation, this end is 
achieved by 'interposing between the crystal and 
the outside the constant-temperature heat reser
voir, C., which is kept "charged" at the desired 
operating temperature by the thermostatically 
controlled constant-current calorie generator, G,. 
The on-off operation of the calorie generator causes 
the temperature of c. to cycle slightly above and 
below the operating mean; so, to attenuate the 
a-c component, an RC thermofilter is .interposed 
between the C,-reservoir and the crystal. 

4-46. The performance of the circuit in figure 4-12 
shall be described as dependent primarily upon the 
individual performances of six overlapping cir
cuits; three of which are d-c circuits, two, a-c, 
and one is a transient circuit. One of the d-c cir
cuits conducts the crystal power to the outside, 
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the second conducts the heater power to the out
.side, and the third is the thermal link between 
the heater and the thermostat. Of the a-c circuits, 
one is the filter circuit between the heater calorie 
generator and the crystal-it attenuates the a-c 
component of the heater temperature; the other 
is the a-c path from the oven heat reservoir to 
the outside-it is effective in determining the 
cycling frequency. The transient circuit is essen
tially the two a-c circuits combined-it determines 
ti.e warm-up time. Each of the d-c circuits is dis
cussed separately. The a-c and warm-up circuits, 
because of their overlapping functions, are dis
cussed jointly. 

4-47. The resistive and capacitive parameters can 
be interp1·eted as having the effective lumped 
values that would be measured under steady-state 
conditions. In the d-c circuits, the heat capacities 
can be ignored as long as steady-state conditions 
are assumed. Only when there are fluctuations in 
the heat flow do the capacity effects need to be 
considered. For those oven elements that have 
relatively large ratios of specific heat to resistiv
ity, such as the metallic parts, not too much error 
is introduced in the a-c circuits by treating the 
element entirely as a lumped· "capacitor," having 
an effective heat capacity equal to its actual heat 
capacity. For those elements that have very small 
ratios of specific heat to resistivity, such as the 
air spaces, the error introdul.'ed in the a-c circuits 
by treating the element entirely as a lumped "re
sistor," having an effective resistance equal to its 
actual resistance, can also be considered negligible. 
Where the greatest tolerances must be allowed the 
lumped parameters, is in the interpretation of the 
a-c characteristics of those oven parts that have 
relatively high specific heats as well as high re
sistivities, such as plastics and other insulating 
compounds. 

D-C PATH OF CRYSTAL POWER 

4-48. Figure 4-13 is a simplified schematic of the 
equivalent d-c circuit of the crystal unit which 
conducts the crystal power to the outside of the 
crystal holder. The external reservoir symbolized 
by the battery connection can be interpreted as 
being any constant-temperature heat reservoir of 
temperature T,., without regard to whether the 
crystal unit is oven mounted or not; otherwise, all 
symbols are the same as in figure 4-12. The heat 
from the constant-current generator G1 divides 
between the three resistance paths, that part flow
ing through each branch being inversely propor
tional to the respective branch rest,<;;tance. Note 
that as long as the heat flow and the resistances 
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figure 4-13. Thermal D-C path ol crystal power 

remain constant, sv also does the temperature drop 
T 1 - T., so that a g,iven change in the steady-state 
value of T3 must cause exactly the same change 
in T1, 
4-49. Normally the crystal circuit is designed for 
a constant drive level, but if, for instance, the 
crystal is connected in an oscillator stage that is 
to be keyed by a push-to-talk microphone circuit, 
there would be little to gain by the use of an 
oven of high inherent stability. If high tempera
ture stability is desired, a first requirement is that 
of a crystal circuit providing a constant drive. 
This, in turn, is best achieved by operating the 
crystal at the lowest drive level that is practicable. 
For a small (1-cm diameter) wire-mounted crystal 
unit, the principal leakage is through R6 , the air 
resistance. The temperature drop across Ra for 
each milliwatt of drive will be on the order of 
0.3°C. Should the drive vary by as much as ½ mw 
the temperature would vary by 0.1 °C. This much 
variation is ten times more likely at a drive of 
5 mw than at one of 0.5 mw. If the same sized 
crystal unit were evacuated, R. would become in
finite, and• all the leakage would be through R, 
and R,.. The total resistance could thereby increase 
ten-fold, so that a ½-mw variation in the drive 
would mean a temperature variation of 1 °C. 
Should a drive of 3 mw for the same crystal be 
alternately turned off and on, the crystal tempera
ture would vary by approximately 10°C, and a 
well-designed oven woula be practically useless. If 
fluctuations in the drive are to be anticipated, opti
mum temperature control is to be had with the 
use of sandwich-type crystal units, even though 
these usually require higher drives than do wire
mounted units. Not only is the thermal resistance 
between the crystal and the holder negligible com
pared with \hat of the wire-mounted unit, but the 
large heat eapacity of the sandwich electrodes, as 
compared with the thin metal films of the plated 
electrodes of the wire-mounted units, considerably 
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figure 4-14. Thermal D-C path of heater power 

increases the effective heat capacity (C, in figure 
4-13) of the crystal, and hence can minimize the 
effects of brief fluctuations in the output of G •. 
In the case of a low-frequency, wire-mounted crys
tal vibrating in a flexural mode, where it is neces
sary to evacuate the holdP.r to prevent an excessive 
damping by the air, it is advantageous if a large 
area of the crystal is not plated. Otherwise, the 
low emissivity of the silver, or other metallic film, 
'will cause R, to be excessive, thereby raising the 
temperature of the crystal and increasing its sensi
tivity to small fluctuations in the drive. For a given 
drive level, the larger the value of C., the more 
stable is the temperature of the crystal during 
brief fluctuations in either the crystal drive or the 
oven temperature. Also, the larger the magnitudes 
of R2, R6 , and R,a, the less sensitive is the crystal 
to brief fluctuations in the oven temperature; but, 
on the other hand, the crystal will be more sensi
tive to changes in the drive level, whether or not 
these changes are of brief or long duration. 

D-C PATH OF HEATER POWER 

4-50. The thermal path by which the heater power 
escapes to the outside is represented schematically 
in figure 4-14. The symbols apply to the same 
parameters as in figure 4-12. The power require
ments of the crystal oven equal the average rate 
of heat flow (I2 ) from the heater to the outside. 
The equation for the leakage current is 

4-50 (1) 

where RT represents the total resistance from T, 
to T •. I., the crystal power flow (see figure 4-12), 
can be considered negligible. A large part of the 
heat flows through R11, the resistance of the outer 
walls and top of the oven, although some leakage 
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is through R,. into the electrical circuit, and a 
large leakage occurs at the base through R11• Be
cause of the large radiation losses if the oven is 
inclosed in a plastic container, the total resistance 
through the walls and top can be approximately 
doubled if the outer walls are composed of polished 
metal instead of plastic, even though the actual 
resistance, R1., of the outer oven walls, in itself, 
becomes negligible. For optimum operation, the 
oven must be shielded, with baffles if necessary, 
from forced convection currents in the ambient 
air; such as might be encountered from blowers, 
fans, etc. Where the space is available, as in large 
heavy-duty fixed-plant equipment, the oven should 
have the protection of two reflective insulating 
walls separated by a thick air space padded with 
loose-fill insulation of sufficient density to prevent 
convection currents between the walls. (Reflective 
surfaces in series are additive in their insulating 
effects.) 

4-51. In an average aluminum-walled crystal oven, 
the heat leakage through the base, R11, may well 
be as great' as that through the other five sides 
of the oven combined. Partly compensating the 
large conductance of the base is the fact that con
vection currents in the air are retarded when the 
heat is escaping under horizontal surfaces, since 
the surface prevents the warmed layers of air 
from rising. Thus, the effective resistivity of the 
air beneath a relatively large base may be more 
than three times that at the top of the oven. Of 
course, if the air under the crystal oven is circu
lating due to convection currents initiated in other 
parts of the equipment in which the oven is used, 
this advantage will not be in effect. If the oven is 
a small socket-mounted device, the direct-thermal 
contact of the base with the socket eliminates most 
of the air surface, so that the effective conductivity 
of the base is much greater than if the same oven 
were mounted on legs, or were otherwise sup
ported so that a large air space exists between 
the base and the chassis. 

4-52. From the point of view of low operating 
power, it is desirable to keep R,., the leakage path 
from the inner chamber walls to the electrical cir
cuit, as large as possible. On the other hand, from 
the point of view of temperature control, as dis
cussed earlier, R,6 should be as small as possible, 
so that the temperature of the walls of the inner 
chamber is readily communicated to the terminals 
of the crystal unit. This is not easily done since 
the electrical insulation around the crystal leads 
also serves as thermal insulation. The problem is 
analogous to an attempt to maintain some point 
in an electrical circuit at ground potential, but with 
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r o other connection to ground than through the 
insulation. 

4-53. A plastic sheath for a single crystal terminal 
will have a thermal resistance on the order of 800 
thermohms--400 thermohms for each pair of ter
minals. For an oven that houses four crystal units, 
even though only one crystal is operating at a 
time, R,e would be on the order of 100 thermohms. 
This decrease in resistance means only an addi
tional leakage from the heater, and not an in
creased effectiveness in the control of the tem
perature of the operating crystal, Insofar as the 
one crystal in operation is concerned, there is still 
approximately 800 thermohms between each of its 
terminals and the constant-temperature reservoir, 
as compared with perhaps an effective resistance 
of 400 to as low as 10 thermohms between each 
terminal and the ambient heat reservoir, depend
ing upon the particular type of connection to the 
external circuit. 

4-54. For a small plastic-enclosed, socket-mounted 
oven, similar to type HD-54/U, approximately 5 
cm high, 3 cm wide, and 2 cm deep, the total re
sistance of the walls and top--the R,, R,, Rio, R11, 
R,. combination-may be assumed to be on the 
order of 250 thermohms under ambient conditions 
of room temperature and no forced convection. 
The total resistance of the base, R,,. including that 
of the heater terminals, screws, ground terminal, 
in parallel with the resistance of the plastic ma
terial, can be estimated as approximately 100 
thermohms; and this can be assumed to be in 
series with another 100 therrnohnis where most 
of the leakage is through direct contact with the 
socket. Thus, the total base resistance, but not in
cluding the leads from the crystal, itself, can be 
assumed to be 200 thermohms. The third leakage 
branch, R,6 + R,., can be assumed to total 600 
thermohms. Since the only net flow of heat from 
the crystal chamber wiU be the power losses of 
the crystal, a perfectly designed. oven would not 
have a net circulation of heat from the heater 
into•one part of the chamber and out another
i.e. R,a would be zero. In the practical case there 
is a tendency, usually, for tbe top of the chamber 
to be warmer than the bottom, so that a net con
duction of heat exists from the top to the bottom. 
Nevertheless, insofar as the heater power is con
cerned, the crystal-chamber path in parallel with 
R,. can be neglected. Thus, the total thermal re
sistance, RT, can be considered to be that of three 
branches of 250, 200, and 600 thermohms in par
allel, or a total of approximately 95 thermohms 
when no forced convection is present. 
4-55. If it is assumed that the oven temperature 
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is 75°C and that the ambient temperature is 30°C, 
then 

I, 75-30 
95 = 0.48 cal/sec 

or 
I, = 0.48 X 4.186 = 2 watts 

Since there is a difference in temperature of 45°, 
the power consumption under no-convection con
ditions averages approximately 2/45 .045 watt 
for each degree that the ambient temperature is 
lower than the oven temperature. With the am
bient temperature averaging 30°, a 10-watt heater 
would be operating one-fifth of the time after the 
oven had reached equilibrium. Note that this equi
librium condition must hold irrespective of the 
sensitivity of the thermostat, or the heat capacity 
of the oven. If the same oven is operated under 
conditions of moderate forced convection, the total 
resistance can be more than halved; in which case, 
the power consumption may increase to as much 
as a 0.1-watt average for each degree difference 
between the ambient and oven temperatures. 
Under these circumstances, the maximum operat
ing range for a IO-watt heater is 100°, which is 
equivalent to a minimum ambient temperature of 
-25°C for a 75°C oven. (At the minimum am
bient temperature, the heater circuit closes per
manently. A further drop in ambient temperature 
would be accompanied by an approximately equal 
drop in the oven temperature.) Even where no 
forced convection is present, the effective total re
sistance, RT, of an oven tends to decrease as the 
difference between the operating and ambient tem
peratures becomes large. This is because the natu
ral convection around the sides and at the top of 
the oven becomes greater as the temperature gra
dient at the outer surface becomes steeper. Par
tially counteracting the decrease in the equivalent 
air resistance is the fact that the equivalent radia
tion resistance tends to increase as the ambient 
temperature falls. 

D-C CIRCUIT BETWEEN THERMOSTAT 
AND HEATER 

4-56. The average crystal oven now in use is built 
with a hermetically sealed thermostat located 
either in the crystal chamber, itself (as is gen
erally the ~se in ovens housing more than one 
crystal unit), or mounted on top of the chamber 
in a sealed container that makes good thermal con
tact with the roof of the chamber. In the former 
arrangement the temperature deviation can never 
be reduced below the sensitivity of the thermo
stat, regardless of how well the rest of the oven 
is designed, so that high precision in the control 



of the temperature cannot be achieved without 
the use of expensive thermostats. If the tempera
ture deviation is to be reduced to a minimum with
out excessive cost, the thermostat must be so 
located that it operates before, rather than after, 
the temperature in the crystal chamber varies. 
However, the thermostat cannot be placed between 
the heater and the outside, for then the heat gen
erator would lie between the crystal and the con
stant temperature point, A, of the d-c circuit, as 
illustrated in figure 4-15. The average heater tem
perature, TH, and hence, the average crystal tem
perature, Tc, would vary with the changes in the 
IR drop across the resistance (R,) between. the 
heater and the thermostat. Since point A is main
tained at a constant r.verage temperature by the 
thermostat, the current through R2 varies linearly 
with the ambient temperature. However, since In 
also flows through R:, the heater temperature, T11 

TA+ IHR,), must also change linearly with 
the ambient temperature. Thus, it is necessary 
that the thermostat either be in nearly direct 
thermal contact with the heater, or lie between 
the heater and the crystal. The former arrange
ment is usually the most to be desired in order 
to minimize the power requirements as well as the 
amplitude of the heater temperature cycles. 

A-C CIRCUIT OF OVEN THERMOFILTER 

4-57. If the temperature cycling amplitude is to 
be reduced to a minimum before it reaches the 
crystal, tlie oven can be designed to make use of 
a thermofilter. The thermofilter is the analogue 
of an electrical RC filter that is used to smooth 
out the ripples of a pulsating d-c voltage. Although 
a greater percentage of the resistance and capacity 
of the thermofilter is of a distributed nature than 
is the case for its electrical analogue, the thermo
filter characteristics can be analyzed to a first ap
proximation by assuming that the resistances and 
capacitances are in a lumped form. 
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figure 4-15. Thermal D-C path of heater-to• 
thermos,at when thermostat is outside heater 

4-58. Figure 4-16 is a simplified schematic diagram 
of an oven a-c circuit having a single section 
thermofilter, where it is assumed that the ambient 
temperature is at "ground potential" (0°C). RA 
is the resistance of the air outside the oven, Ro is 
the resistance of the oven between the heater and 
the outside, R is the input resistance of the filter, 
Rec is the resistance of the crystal chamber, RcH 

is the resistance of the crystal holder, Co is the 
capacity of the walls of the oven, Cu is the ca
pacity of the heater, Gr is the capacity of the 
thermostat, C is the capacity of the filter, Cn1 is 
the capacity of the crystal holder, and Cc is the 
capacity of the crystal. In general, in going from 
RA to Cc, the resistances become progressively 
Iarter, and the capacities become smaller, with the 
exception of C, which should be large. IG is the in
stantaneous calorie output per second of the heater 
when operating; 111 is the average d-c leakage to 
the outside, and IA,· is the peak a-c current through 
the filter'. The component of the a-c current 
through Rec and Rcu can be assumed to be negli
gible compared with the total !Ac• T 11 is the tem
perature of the heater. 
4-59. The peak-to-peak amplitude of the a-c com
ponent of the temperature T11 is determined by the 
backlash of the thermostat, and can be assumed 
to be constant. In the ideal case, the heater and 
the thermostat should at an times be at the same 
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Figure 4-17. A-C component of heater temperature 

temperature. In practice, there is always a ther
mal IR drop between the thermostat and the 
heater, so that the a-c component in temperature 
at the heater is always greater than the tempera
ture cycle of the thermostat. 
4-60. Referring to figure 4-16, if 10 is large com
pared with In, the rate at which CHT (=CH+ Gr) 
is "charged" can be assumed to be constant, and 
if the a-c component of the temperature is small 
compared with the temperature drop between the 
heater and the outside, the rate at which CHT dis
charges can be assumed to be constant for a con
stant ambient temperature (O"C in the diagram). 
Thus, the a-c component of TH can be represented 
by a saw-tooth wave as indicated in figure 4-17. 
By a Fourier analysis, such a wave is represented 
as the resultant of a sine wave of the same funda
mental frequency, upon which is superimposed an 
infinite number of harmonics of varying ampli
tudes. Insofar as the oven filter circuit is con
cerned, the only component to consider is the 
fundamental; for if the thermofilter can attenuate 
the amplitude of the fundamental below the maxi
mum deviation permissible for the crystal, then 
certainly the higher harmonics will also be suffi
ciently attenuated. 

ATTENUATION FACTOR OF 
THERMOFILTER 

4-61. In figure 4-16, CHT can be assumed to be an 
alternating temperature generator haying a sine
wave output at the fundamental frequency of the 
thermostat cycling, and a peak s.mplitude of T Af'• 

The filter circuit presents an impedance to the heat 
flow of y R' + Xe', where Xe is the thermal "re
actance" of C. If R is assumed to be greater than 
l0Xc, then IA<, can be assumed to approximately 
equal TAr/R. Note that only the peak values of 
the a-c current and temperature need be consid
ered. The a-c component of the temperature at C 
will thus be IA('Xc = T Acx,.;R, so that the attenu
ation factor is Xe/R. Since Xe = 1/2,.-fC, where f 
is the frequency, the attenuation is directly 
proportional to R, C, and f. Contributing to the 
attenuation-indeed, effectively forming two addi
tional RC filter sections--are the RccCcH and the 
RcuCc diffusive combinations of the crystal cham
ber and crystal unit. 
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THERMOSTAT-HEATER A-C CIRCUIT 
CHARACTERISTICS AFFECTING 
FREQUENCY OF TEMPERATURE CYCLE 

4-62. The cycling frequency, f, depends upon the 
rate at which CHT charges and discharges. The 
charging time is inversely proportional to 10 Ou 
and IAo assumed to be small by comparison) ; the 
discharging time is inversely proportional to IH 
(IAc assumed to be small by comparison); and 
both the charging and discharging times vary 
directly with CuT• Since there is always a resist
ance path between the heater and thermostat and 
since the thermostat has a heat capacity separate 
from Cu, the rise in temperature at the thermo
stat must lag the rise at the heater. Because of 
this, Io cannot be made mdefmitt:iy large, else the 
rise in temperature at the heater will far over
shoot the thermostat cut-off temperature, and T4 c 
will become excessive. Also, the time gained on 
the charging half of the cycle could be more than 
lost because of the additional time required for 
discharge. Thus, the thermostat-to-heater resist
ance and capacitance are practical factors that 
limit the frequency and raise the a-c amplitude of 
the heater temperature. For a minimum TAc and 
a maximum frequency, the thermostat must be 
mounted so that the conductance between it and 
the heater is a maximum. Another factor limiting 
the maximum practical cycling frequency is the 
fact that when a bimetallic thermostat is used, it 
is desirable that the temperature cycles have as 
long a period as possible, for, in general, the oper
ating life is rated in the number of open-and-closed 
cycles that can be made before the thermostat be
comes over-fatigued, and is not primarily depend
ent upon the actual number of hours at which the 
thermostat can be operated. 
4-63. Since the oven is purposely designed to make 
In as small as possible, Ro and RA cannot be de
creased for the sake of increasing the cycling fre
quency. But if an oven is so constructed that the 
heat from the heater is evenly distributed on all 
six sides of the inner chamber, and that a near
perfect conductance exists between the heater and 
thermostat, the temperature deviation of the crys
tal at low ambient temperatures can actua11y be 
less than that at room ambient temperatures. This 
is because the consequent increase in f, due to the 
increase in In and decrease in discharge time, per
mits greater cycling attenuation by the filter. The 
frequency, however, can only increase as long as 
Io remains large compared with IH. Otherwise, the 
decrease in the time of discharge would be annulled 
by the increase in the time of charge. 
4-64. More or less predetermined, is the capacity 



of the heater and the metallic surfaces that bound 
it. Although the outer shield can be made as thin 
as possible, thereby reducing Ca, the inner wall 
must be of sufficient thickness to provide a low 
resistance around the crystal chamber. Represent
ative values of c.i for small ovens range from 2.5 
to 25 cal/deg, depending principally upon the area 
of the heater wans, and the thickness of the outer 
sheath. If Ia is 0.25 cal/sec (approximately 1 
watt), and T.tc is ±5°C, then the time of dis
charge of a 6-cal/deg Cu (ignoring the thermostat 
~) will be 10 X 6/0.25 = 240 sec, or 4 minutes. 
If IG is 2.5 cal/sec, the charging time will be 
10 X 6/ (2.5 - 0.25), or approximately 27 sec. 
Thus, f will be 1/267 cycle per second. Obviously 
with such a very low frequency, and with R of the 
filter limited to practical values of, at the most, 
only a hundred or so thermal ohms, an effective 
filter would require that an extraordinarily large 
C be contained in the small volume between the 
heater and the crystal chamber. However, if the 
thermostat is in excellent thermal contact with 
the heater, the effective TAc can be made to ap
proach the actual differential of the thermostat; 
in which case, not only is the cycling temperature 
reduced at the source, but the attenuation factor 
of the filter is improved proportionately by the 
increase in f. 

IDEAL THERMOFILTER 

4-65. It should be remembered that heat capacity 
expresses a clw:nge in heat for a change in tem
perature. In general, the heat capacity of a sub
stance will be different at different temperatures. 
The average heat capacity of a body between two 
temperatures T1 and T, is AH/(T, - T,), where 
AH is the thermal energy required to raise the 
temperature of the body from T • to T ,. The in
stantaneous heat capacity at a given temperature 
is the ratio of an infinitesimal change in thermal 
energy for an infinitesimal change in temperature, 
dH/dT. Now, if at &. particular temperature the 
thermal equilibrium of a substance suddenly shifts 
from a state of low potential energy to a state 
of high potential energy, the addition of a small 
quantity of heat will be absorbed in raising mole
cules from the lower to the higher energy level, 
so that the added energy is principally an increase 
in potential, rather than in kinetic energy. How
ever, it is the kinetic ehergy of the molecules that 
determines the temperature, so that if a small 
addition of heat is entirely converted into poten
tial energy, dT will be zero, and the instantaneous 
heat capacity dH/dT will be infinite. 
4-66. In this manner a very large C can be ob-
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tained for a thermofilter if a substance is chosen 
that undergoes a reversible change of state at the 
operating temperature of the oven. Obviously a 
non-reversible action would be unsatisfactory, 
such as the decomposition of a compound, since 
it is necessary that the same process be repeated 
during each temperature cycle. Such changes of 
state as occur at the transition of a crystal from 
one lattice structure to another, or at the melting 
and boiling points of substances that do not de
compose would permit very high values of C for 
a small quantity of the material. 
4-67. The largest C for a given quantity of sub
stance can be obtained at a boiling point, since 
the heats of vaporization are generally much 
greater than the heats of fusion or transition. But 
the problem of cooling the distillate and returning 
it to the heated chamber would require an expen
sive and cumbersome oven. Since heats of fusion 
are general1y much higher than heats of transi
tion, are absorbed during narrower temperature 
ranges, and are more easily found at a desired 
operating temperature, a large thermofilter ca
pacity effective at the operating temperature ap
pears to be more readily obtainable by surrounding 
the crystal chamber with a solid having its melt
ing point within the differential range of the 
thermostat, but slightly higher than the operating 
mean. If the melting solid has a very sharp melt
ing point, there is a danger that the mean tem
perature may rise above the melting point long 
enough to completely melt the solid, thereby losing 
the major filtering effect. To remove this danger, 
the filter can be composed of a mixture of two or 
more compounds of different melting points, so 
that, at equilibrium, the densities of the com
pounds relative to each other will be different in 
the solid and liquid phases of the partly melted 
mixture. Although the filtering effect will be 
diminished, the melting temperature will auto
matically tend to rise with the mean heater tem
perature as more of the mixture fuses. 
4-68. The substance to use for an ideal heat reser
voir, other than one having a melting point at the 
desired operating temperature, would be a stable 
electrical insulator having little tendency to react 
with metal, a low density, a large heat of fusion, 
a prompt rate of melting and crystallization, a 
low dielectric constant, a low cost of production, 
and not be difficult or disagreeable to handle. Re
cent experiments by C. P. Saylor and R. Alvarez 
of the National Bureau of Standards indicate the 
probable suitability of para-dibromobenzene. 
4-69. The fact that a number of possible filter 
elements have a large percentage volumetric ex-
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pansion on fusion suggests the interesting possi
bility of employing the expansion to open the 
heater circuit when the filter material is partially 
melted. A pure fusing element could thus, theo
retically, provide thermostatic adion by virtue of 
a cycling internal-enegry differential, rather than 
a cycling temperature differential. In other words, 
a change in the temperature of the sensing ele
ment of the thermostat would not be an absolute 
requirement in the ideal case. 

4-70. To shorten the warm-up time and to mini
mize temperature gradients, good thermal conduc
tivity should be maintained within a melting-point 
thermolilter reservoir; if necessary, by the use of 
wire mesh or radial fins. However, no through 
high-conductivity path should be permitted. A 
relatively high-resistance surface barrier should 
insulate the inner side of the reservoir from the 
side nearest the heater. 

WARM-UP CIRCUIT OF OVEN 

4-71. The warm-up circuit of the oven consists 
primarily of the thermofilter and thermostat
heater circuit shown in figure 4-16. Arbitrarily, 
we shall define the warm-up time to be the period 
required to bring the temperature of the crystal 
chamber to within 1 per cent of its mean oper
ating value after the heater is first turned on. As 
a first approximation, this period can be divided 
into two parts. The first part consists of the time 
required for the heater, viewed as a constant-cur
rent generator, to charge the heater and thermo
stat capacities, Cu and CT, to the operating 
temperature. The second part consists of the addi
tional time required to bring the crystal chamber 
to within 1 degree of the operating temperature. 
Normally, a booster heater is provided which per
mits the first part of the warm-up time to be 
shortened to as much as one-fourth or more of . 
the time that would otherwise be required. Letting 
CnT in cal/deg equal the sum of Cn and CT, h 
in cal/sec equal the average net rate of heat sup
plied the oven during the initial heating period 
( this can be assumed to be the total power from 
the two heaters minus one-half the average oper
ating power after equilibrium has been reached), 
and .l T equal the difference between the operating 
and ambient temperatures, the first part of the 
warm-up time is approximately 

t, (in sec) = CllTAT/lx 4-71 (1) 

4-72. To the extent that a crystal oven can be 
represented by the thermofilter circuit in figure 
4-16, the second part of the warm-up time can 
be broadly generalized as the time required for 
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the capacity, C, to acquire lOO(AT 1°)/AT per 
cent of its warm-up heat. To simplify the prob
lem, we shall assume that no heat flows into C 
until after the first part of the warm-up pe:dod 
is completed. As in an electrical circuit, the prod
uct, RC, is a time constant equal to the time re
quired for the capacity to receive 63 per cent of 
its equilibrium charge when connected in series 
with the resistance and a constant potential 
source. To receive l00(AT-1°)/AT per cent of 
its equilibrium charge will require a time 

t. (in sec) -RC log.(:~) 4-72 (2) 

Thm1, the total warm-up time by rule-of-thumb 
approximation is 

t = t, + t, CuTAT RC l (.!-°-) IN - og~ AT 4-72 (3) 

Equation 4-72 (3) is only approximate when 
t, < < t, and when C is large compared with the 
distributed capacity of R. If C is attributable en
tirely to the distributed capacity of an insulating 
baffle, equation 4-72 (3) is not applicable-unless 
C and R are prorated from the distributed para
meters. If only a general indication of the warm-up 
time is desired, let R equal the steady-state re
sistance, and let C equal one-half the actual total 
capacity of the baffle. The actual warm-up time 
of the crystal blank itself is a variable that will 
depend upon the fabrication of the crystal unit 
and its drive level. For most purposes it can be 
assumed that, with the aid of the crystal driving 
power, the temperature of the crystal blank will 
not significantly lag the rise in temperature of 
the crystal chamber during the warm-up period. 
Approximate values of -log~(l O /AT) for repre
sentative values of AT are given in the following 
table. 

AT -log,(1°/.o.T) 

3 1.0 
5 1.6 

10 2.8 
20 3.0 
30 3.4 
40 3.7 
50 3.9 
60 4.1 
70 4.3 
80 4.4 
90 4.5 

100 4.6 



Pin-to-Pin Bectrical Capacitance of Crystal Oven 

4-73. It should be remembered that the pin-to
pin capacitance of the oven is not necessarily the 
capacitance that the oven adds to the shunt ca
pacitance of the crystal unit. For example, in 
figure 4-18, assume that C1 and C2 are both 4µµf 
and that C3 is 2 µ.µ.f. It can be seen that if neither 
pin is grounded, the total pin-to-pin capacitance 
is 4 µµf; but if one pin is grounded, the total pin
to-pin capacitance is 6 µµf. Also, it can be seen 
when a crystal unit is inserted in its oven socket, 
that although the pin-to-pin capacitance of the 
oven is shunted across the crystal, the crystal 
shunt capacitance does not increase by that same 
amount. In effect, since the crystal pins are 
shielded by the oven receptacles, the oven capaci
tance substitutes for, rather than adds to the ex
ternal pin-to-pin capacitance of the crystal unit. 

lase Leakqe of Small Ovens 
4-74. The smaller the crystal oven, the more diffi
cult it becomes to Cl)ntrol the chamber temper
ature, not only because the surrounding heat 
capacity becomes smaller, but also because the 
percentage of heat leakage through the base be
comes greater, resulting in steeper temperature 
gradients within the crystal chamber. Improved 
performance can generally be obtained by con
centrating more than an average proportion of 
the heater windings near the base. An interesting 
and very successful innovation in this direction 
occurs in a recent oven design by B. C. Hill, Jr. 
of HEEMCO. In the Hill oven, the heater wind
ings are extended around the base leads, which 
therefore are maintained at essentially the heater 
temperature and so exhibit much less tendency to 
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PIN OF CRYSTAL UNIT 
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Figure 4-18. Pin-to-pin electrostatic capacitance of 
crystal oven 

follow the changes in the ambient temperature. 
An entirely different approach, one which ingeni
ously exploits the fact that the temperature at the 
base changes more rapidly than at any other part 
of the oven, has been introduced by R. Beetham 
of the James Knights Company. The Beetham 
principle, which has been applied in the design of 
miniature crystal ovens, is to locate the thermo
stat at the base and in good thermal contact with 
it. This arrangement virtually eliminates the 
existence of steep temperature gradients within 
the crystal chamber; in addition, because the 
temperature of the base-mounted thermostat 
changes relatively rapidly, it permits the cycling 
frequency to be much higher than otherwise, 
thereby diminishing the amount of heat capacity 
required to attenuate the a-c component of tem
perature at the crystal. Both the base-heater and 
base-thermostat methods permit cycling tempera
tures at the crystal to be reduced to a few tenths 
of a degree C as the ambient temperature varies 
from -55°C to operating temperatures of 75 
or 85°C. 

PART II 

Mil StdXtal 
Holder 
Aecom• 

modated 

HC-6/U 

TECHNICAL DESCRIPTIONS OF CRYSTAL OVENS 

TECHNICAL DATA CHART OF CRYSTAL OYENS FOR USE WITH 
GROUP-I MILITARY STANDARD CRYSTAL UNITS 

No. of Military or Oven Ambient Max Heater Holders Commercial Operating Temp Temp 
Voltage 

Provisions for Mounting 
Aecom• Type or Tempera- Range Deviation Oven 

nwdated DwgNo. ture (°C) (•C) (•C) (V) 

1 HD-54/U 75 -55to +55 -7, +6 27.5 de Standard lock-in base 

5 Bendix Radio 75 -55to +55 -10, +6 27.5 de Four thd studs on 1 ½ x 1 ¾ in. 
DwgL205628 mtg centers 

13 Bendix Radio 75 -55 to +55 -10, +6 27.5 de Four thd studs on 1 ¾ x 113/ie in. 
Dwg N205651 mtg centers 
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CRYSTAL OYEN HD-54/U 

Figure 4-19. Crystal Oven HD-54/U 

FUNCTIONAL DESCRIPTION 

Crystal Oven HD-54/U provides temperature 
stabilization for a single HC-6/U-mounted crys
tal unit at a nominal operating temperature of 
75°C, over an ambient range of -55°C to +55°C. 
The oven operates on a heater voltage of 27.5 volts, 
de, and mounts in a standard lock-in socket. A 
booster thermostat with associated heating ele
ment is incorporated in the oven to shorten the 
warm-up period. 

OPERATING CHARACTERISTICS 

Operating Temperature: 75°C 
Temperature Deviation! -7° to +6°C 
Ambient Temperature Range: -55° to +55°C 
Approximate Warm-Up (stabilization) Time: 6 

min 
Oven Temperature (inside crystal holder) During 

Warm-Up Time: 

Oven Temp Warm-up Time 

oo•c max Oto 8 min 
65" to 86°C 3to 4 min 
68" to 81 ·c ove:r 4 min 

Power Requirements: 27.5 V, de; 1.5 amp 
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ALL DIMENSIONS 
iN INCHES 

Figure 4-20. Dimen,lons of Crylfal Oven HD-54/U 

PHYSICAL CHARACTERISTICS 

Net Weig.ht: 2 oz 
Thermometer: None 
Provisions for Temperature Adjustment: None 
Oven Materials: Plastic cover and base 
Provisions for Mounting Oven: Standard lock-in 

base 
Oven Will Accommodate: O11e Cry-stal Holder 

HC-6/U 

LOGISTICAL DATA 

Army-Navy Nomenclature: Crystal Oven HD-
54/U 

Status: 
Date of Status: 
Cognizant Agency: 
Govt. Specifications: 
USAF Stock Class: 
USAF Stock: No.: 
Source of Supply:• Bendix Radio; Clark (com

mercial equivalent: Clark CO-10); Downing 
( commercial equivalent: Downing Single Crys
ta] Unit Oven); MiJJer Labs (commercial 
equivalent: Miller Labs BM-100) 

• See Appendix III for complete name and address. 
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BENDIX RADIO CRYSTAL OYEN L205628 
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FiguN .,_21. Dimensions of 8endix Radio Crystal Oven 1205628 

Figure 4-22. Bendix Radio Crystal Oven l205628 

FUNCTIONAL DESCRIPTION 

The Bendix Radio L205628 Crystal Oven is a 
multiple oven designed to provide temperature 
stabilization at 75°C, nominal, over an ambient 
range of -55°C to +55°C. Up to five HC-6/U
mounted. crystal units can be accommodated. The 
oven operates from a heater voltage of 27.5 volts, 
de. It was originally designed for use in Radio 
Sets AN/ARC-19 and AN/ARC-33. 

OPERATING CHARACTERISTICS 

Operating Temperature: 75°C 
Temperature Deviation: -10° to +6°C 
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Ambient Temperature Range: -55° to +55°C 
Approximate Warm-Up (stabilization) Time: 7 

min 
Oven Temperature (inside crystal holder) During 

Warm-Up Time: 

Oven Temp Ambient Temp Warm-up Time 

9o•c max +20· to +55°C 0 to 3 min 

60° to 85°C +20• to +55"C 3 to 4 min 

68° to 81 ·c +20· to +55•c over4 min 

9o•c max -55° to +2o•c 0 to 3 min 

60° to 85"C -55" to +2o•c 3 to 5 min 

65° to 81 ·c -55° to +20·c over 5 min 

Power Requirements: 27.5 V, de; 1.5 amp 

PHYSICAL CHARACTERISTICS 

Net Weight: 7 oz 
Thermometer: None 
Provisions for Temperature Adjustment: None 
0,1en Materials: Metallic cover, plastic base 
Provisions for Mounting Oven: Four thd studs 

on 11,4 x l¾ in. mtg centers 
Oven Will Accommodate: Five Crystal Holders 

HC-6/U 
LOGISTICAL DATA 

Source of Supply:* Bendix Radio (Dwg No. 
L205628); Downing (commercial equivalent: 
Downing Five Crystal Unit Oven) 

• See Appendix III for complete name and address. 

• 
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BENDIX RADIO CRYSTAL OYEN N205651 
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Figure 4-23. Dimensions of Bendix Radio Crystal OvenN205651 

Figure 4-24. Rendix Radio Crystal OvenN205651 

FUNCTIONAL DESCRIPTION 

The Bendix Radio N205651 Crystal Oven is a 
multiple oven designed to provide temperature 
stabilization at 75°C, nominal, for up to thirteen 
HC-6/U-mounted crystal units in ambient tem
peratures from -55°C to +55°C. The oven oper
ates from a heater voltage of 27.5 volts, de. It was 
originally designed for use in Radio Sets AN/ 
ARC-19 and AN/ ARC-33. 

OPERATING CHARACTERISTICS 

Operating Temperature: 75°C 
Temperature Deviation: -10° to +6°C 
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Ambient Temperature Range: -55° to +55°C 
Approximate Warm-Up (stabilization) Time: 7 

min 
Oven Temperature ( inside crystal holder) During 

Warm-Up Time: 

Oven Temp Ambient Temp Warm-up Time 

90°C max +20· to +ss•c 0 to 3 min 

60° to 85°C +20• to +ss·c 3 to 4 min 

68° to 81 ·c +20· to +ss·c over 4 min 
-----~---• 

!l0°C max _55• to +2o·c 0 to 3 min 

60° to 85°C -55° to +2o·c 3 to 5 min 

65° to 81 ·c -55° to +2o•c ovec- 5 min 

Power Requirements: 27.5 V, de; 1.5 amp 

PHYSICAL CHARACTERISTICS 

Net Weight: 10 oz 
Thermometer: None 
Provisions for Temperature Adjustment: None 
Oven Materials: Metallic cover, plastic base 
Provisions for Mounting Oven: Four thd studs 

on 1¾ x 2 1¾6 in. mtg centers 
Oven Will Accommodate: Thirteen Crystal 

Holders HC-6/U 

LOGISTICAL DATA 
Source of Supply:* Bendix Radio (Dwg· No. 

N205651) ; Downing ( commercial equivalent: 
Downing Thirteen Crystal Unit Oven) 

• See Appendix III for complete name and address. 
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APPENDIX I-ACKNOWLEDGMENTS 

The information contained in this handbook has 
been gathered from so many diverse sources that it 
is virtually impossible to give due credit in each 
particular instance. Especially is this true of the 
first half of Section I, where much of the infor
mation consists of collections of relatively inde
pendent facts. In the last half of Section I, it is 
hoped that specific experimental data, as well as 
J!QUations and methods of analysis that can be 

--· hplicitly ascribed to individual authors, have been 
more adequately acknowledged in the text. The 
writer wishes to thank the many crystal manufac
turers who have cooperated so generously in sup
plying information and suggestions for inclusion 
in the Handbook. He is particularly indebted to 
Bliley Electric Company, BEEMCO, Bunt Corpo
ration, Bupp Electronics Company, McCoy Elec
tronics Company, and Reeves-Hoffman Company 
for their contributions and interest and also for 
the personal courtesies extended the writer dur
ing a data-collecting field trip. 

At this point, the writer would like to ackowl
edge those individuals and organizations to whom 
he ~s most indebted for the present contents of 
the Handbook. 

Bell Telephone Laboratories.-The greater part of 
the information on the subject of crystal-unit 
fabrication contained in the Handbook has, at least 
partly, had its origin in research projects at BeU 
Telephone Laboratories. All frequency-constant, 
temperature-coefficient, and frequency-deviation 
curves of the various crystal elements developed 
at Ben Telephone Laboratories have been obtained 
from graphs made available to the public by the 
Bell Telephone Company. These illustrations are 
included below in the individual acknowledge
ments of published works of BeU scientists. 

crystal mounting have been obtained from U. S. 
and British patents issued to the inventor, Mr. 
Bokovoy, of the Radio Corporation of America. 

(Mr. P. D. Gerber was coinventer of the dielectric
sandwich mounting-U. S. Patents 2,078,229 and 
2,101,893.) Handbook illustrations redrawn from 
Bokovoy patents are: figure 1-22 (U. S. Patent 
2,064,288, May 31, 1934) ; figures 1-39, 1-40, and 
1-41 (British Patent 457,342, November 26, 1936); 
figures 1-73 to 1-77 (U. S. Patent 2,101,393, De
cember 14, 1937) ; and figure 1-78 (U. S. Patent 
2,078,229, April 27, 1937). 

Bond, W. L.-Two treatises by Mr. Bond, "Methods 
for Specifying Quartz Crystal Orientation and 
Their Determination by Optical Means" and "Saw
ing, Grinding, and Lapping" ( Chapters II and IX, 
respectively, Quartz Crystals for Elutrical Cir
cuits, Heising) have been useful sources of infor
mation to the writer. Handbook figure 1-69 has 
been reprinted from the former article with the 
permission of the publisher, D. Van Nostrand Co. 

Borgelt, E. H.-See Foreword. 

Bottom, V. E.-Much of the information contained 
in "The Mathematics of the Equivalent Electrical 
Circuit of the Quartz Crystal Unit" by Mr. Bottom 
(Chapter II, Fundamental Principles of Crystal 
Oscillator Design, Circuit Section, Long Branch 
Signal Laboratory, Signal Corps, 1946-46) has 
been incorporated in Section I of the Handbook. 

Bower, G. G.-Information obtained from Mr. 
Bower's treatise, "Crystal-Control1ed Electron, 
Coupled Oscillators" ( Chapter V, Fundamental 
Principles of Crystal Oscillator Design, Circuit 
Section, Long Branch Signal Laboratory, Signal 
Corps) has been included in the Handbook. 

Brown, W. F • ...:.Information contained in "Quartz 
Crystal Overtone Oscillators," Technical Note No. 
RAD. 460, by Mr. Brown, Royal Aircraft Estab
lishment, Farnborough, has been of great value to 
the writer in preparing the discussion of series
mode oscillators. 

Bok.ovoy, S. A.-Most of the descriptive data con- Cady, W. G.-So much of information contained in 
cerning the V-cut crystal, the single-frequency the Handbook is indirectly, if not directly, de-
X-cut crystal, and the dielectric-sandwich type of pendent upon the work of Dr. Cady that no attempt 
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can be made to itemize particular instances, other 
than to acknowledge that figure 1-21 is reprinted 
from Dr. Cady's textbook, Piezoelectricity, Mc
Graw-Hill Book Co., 1946, with the permission of 
the author and publisher. 

Camfield, C. J.-Information obtained from "The 
Design of Fundamental Mode Quartz Crystal 
Oscillators," Technical Note No. RAD. 525, by 
Mr. Camfield, Royal Aircraft Establishment, 
Farnborough, has been included in the Handbook. 
Handbook figure 1-131 is based upon the design of 
an age circuit described in the above treatise. 

Capitol Radio Engineering Institute.-The writer 
is indebted to Capitol Radio Engineering Insti
tute for many valuable items of information scat
tered throughout the Handbook. Of particular 
note are the empirical data contained in the dis
cus;;ion of the use of the Miller circuit as a small 
power oscillator (paragraph 1-339). 

Carpantier, V. J.-See Foreword. 

Caruthers, R. S.-The writer is indebted to Mr. 
Caruthers for information contained in para
graphs 1-449 to 1-451, which has been obtained 
from a treatise on transistor oscillators as pub
lished in The Transistor by Bell Telephone Lab
oratories. Handbook figures 1-189 and 1-190 have 
been copied from this source with the permission 
of Bell Telephone Laboratories. 

Devlin, J . .!.-Appreciation is extended Mr. Devlin 
for valuable assistance in editing parts of Sec
tions 11, Ill, IV, V, and the Appendix. 

D'Heedene, A. R.-The treatise, "Effects of Manu
facturing Deviations on Crystal Units for Filters" 
(Chapter XIV, Quartz Crystals for Electrical Cir
cuits, Heising), by Mr. D'Heedene, has proven a 
valuable source of information to the writer. 
Handbook figure 1-117 has been copied from an 
illustration contained in the above work with the 
permission of the publisher, D. Van Nostrand Co. 

Drews, W. F. et al.-The treatise by Mr. Drews 
an<l coauthor A. E. Swickard, "The Wire Mounted 
Crystal Unit" (Chapter XVI, Quartz Crystals for 
f:/cctric Circuits, Heising), has been an important 
sorn·ce of information for the writer. Handbook 
figure 1-68 has been drawn from an illustration 
contained in the above article, with the permis
sion of the publisher, D. Van Nostrand Co. 

Edson, W. A. et al.-For that part of Section I 
covering the theory and application of series-mode 
qual'lz crystal oscillators, the writer is heavily in
dl'l>tcd to the work of Mr. Edson and those assist
ing-, him at the Georgia Institute of Technology 
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in a Signal Corps research project directed toward 
the investigation of v-h-f crystal oscillators. Many 
of the results of this investigation, as described 
in the 1950 Final Report on Signal Corps Contract 
W36-039-sc-32100, "High Frequency Crystal-Con
trolled Oscillator Circuits," prepared by Mr. 
Edson, W. T. Clary, and J. C. Hogg, Jr., have been 
included in the discussions of the Butler, transi
tron, basic transformer-coupled, grounded-grid, 
grounded-plate, and impedance-inverting oscilla
tors. Also, the circuit equations derived in the h-f 
oscillator report have provided valuable check 
points and guides for the circuit analyses and 
equation derivations of this Handbook. In addi
tion, all equations presented without deriva{ions 
in the discussion of the above-mentioned oscilla
tors can be assumed to have been taken directly 
from the above-mentioned h-f oscillator report. 

The writer has also been greatly aided by the 
information contained in the timely book by Mr. 
Edson, Vacuum-Tube Oscillators, copyright 1953, 
John Wiley and Sons. The analysis of the Meacham 
bridge oscillator contained therein has served as 
the principal guide for the slightly modified ap
proach to the same circuit followed in the Hand
book. Appreciation is extended to the author and 
publishers for permission to use the graphical 
chart shown in the Handbook figure 1-162. 

Fair, I. E.-The writer is indebted to the work of 
Mr. Fair for information concerning the relative 
performance characteristics of crystal units in 
parallel-mode oscillator circuits, as described in 
"Piezoelectric Crystals in Oscillator Circuits" 
(Chapter XII, Quartz Crystals for Electrical Cir
cuits, Heising), and in "Design Data on Crystal 
Controlled Oscillators" (Appendix II, Information 
Bulletin on Quartz Crystal Units, Armed Services 
Electro Standards Agency, Fort Monmouth, N. J., 
August, 1952). Figure 1-164 of the Handbook has 
been copied from the latter treatise. The crystal 
performance parameters, M (figure of merit) and 
PI ( performance index), were originally con
ceived and defined by Mr. Fair. 

Goldsmith, P.-Appreciation is extended for the 
time and assistance generously given the writer 
in obtaining information relating to the results 
of experiments conducted at the Armour Research 
Foundation of Illinois Institute of Technology 
(USAF Contract No. AF 18(600)-157) on par
allel-mode crystal oscillators, in which Mr. Gold
smith had participated as project engineer. 

Gordon, S. G. et al.-Information used in the Hand
book concerning the preparation of crystal blanks 
has been obtained from the treatise by Mr. Gordon 



and Mr. W. Parrish, entitled "Cutting Schemes for 
Quartz Crystals" (American Mineralogist Sym
posium on Quartz Oscill,ator Pl,ates, 1945). Ha::1d
book figures 1-60 and 1-62 have been copied from 
this source. 

Greenidge, R. M. C.-"The Mounting and Fabrica
tion of Plated Quartz Crystal Units" ( Chapter 
XIII, Quartz Crystals of Electrical Circuits, 
Heising), by Mr. Greenidge, has proven an im
portant source of information for the writer. 
Handbook figu1·es 1-80, 1-83, and 1-86 have been 
drawn from illustrations contained in the above 
article with the permission of the publisher, D. 
Van Nostrand Co. 

Gruen, H. E.-Of great value to the Handbook has 
been the circuit data obtained from Mr. Gruen for 
over thirty oscillators of comparatively recent de
sign which employ currently recommended crystal 
units. This information was originally catalogued 
and the circuits tested during a preliminary inves
tigation of the feasibility of standard packaged 
oscillator designs-a project engineered for the 
U. S. Air Force by Mr. Gruen at the Armour 
Research Foundation of Illinois Institute of Tech
nology, with Mr. E. A. Roberts serving as Instru
ment Supervisor. The writer also wishes to thank 
Mr. Gruen for giving so generously of his time 
in helping the writer check test data for inclusion 
in the Handbook. 

Hedeman, W. R.-The method of synthesizing fre
quencies, as described in paragraphs 1-455 to 
1-462,. is based upon the Bendix synthesizing 
method described by Mr. Hedeman in "Few Crys
tals Control Many Channels," Electronics maga
zine, March, 1948. 

Heising, R. A.-The subject matter on the fabri
cation of quartz crystal units in the Handbook 
is more dependent upon the information in Mr. 
Heising's Quartz Crystals for Electrical Circuits, 
D. Van Nostrand Co., copyright 1946, than upon 
that in any other single publication. Because this 
collection of articles by members of the technical 
staffs of Bell Telephone Laboratories and Western 
Electric Company represents so much of the origi
nal discovery, work, and thought that has formed 
the foundation of the modern quartz-crystal in
dustry in the United States, the book has been 
invaluable as a reference in the preparation of 
the Handbook. The many performance curves of 
the different types of quartz cuts pioneered by 
Bell Laboratories have proven of particular value. 
Mr. Heising has also been the source of much 
of the informatiofl concerning the historical de
velopment of piezoelectric crystals. The following 
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figures of the Handbook have been reprinted, 
copied, drawn, or redrawn-entirely, in pi1rt, or 
in modified form-with the permission of Mr. 
Heising and D. Van Nostrand Co. from illustra
tions appearing in the aforesaid publication: 1-5, 
1-8, 1-11, 1-12, 1-13, 1-19 (G), 1-23, 1-24, 1-25, 1-28, 
1-29, 1-33, 1-34, 1-35, 1-38, 1-43, 1-44, 1-53, 1-54, 
1-56, 1-58, 1-59, 1-63, 1-65, 1-68, 1-71, 1-80, 1-81, 
1-82, 1-83, 1-84, 1-86, 1-87, and 1-117 .. 

Henry, C, W.-See Foreword. 

Institute of Radio Engineers.-I.R.E. Standards 
on Piezoelectric Crystals, as described in the Pro
ceedings of the I.R.E., vol. 37, No. 12, December, 
1949, have been foliowed in the Handbook. 

Jakob, M.-Heat Transfer, Vol. I, by M. Jakob, 
copyright 1949, John Wiley and Sons, proved of 
great value to the writer as a basic reference 
source during the preparation of the discussion 
on crystal-oven design in Part I, Section IV of 
the Handbook. 

Jones, M. B.-The writer is indebted to Mr. Jones 
for many suggestions for improving the useful
ness and appearance of the Handbook, and for 
contributing freely of his time in designing and 
preparing the layout of the printed manuscript. 

Kitter, W. M.-Appreciation is extended Mr. Kitter 
for valuable assistance in editing and correcting 
a number of illustrations, data sheets, and tables 
in Sections I I and II I. 

Koga, 1.-The writer has been greatly benefited 
by a number of equations (acknowledged in the 
text) derived by Mr. Koga in the treatise "Char
acteristics of Piezo Electric Quartz Oscillators," 
Proceedings of the I.R.E., vol. 18, 1930. 

Llewellyn, I+'. B.-Of great aid to the writer has 
been "Constant-Frequency Oscillators,'.' F. B. 
Llewellyn, Proceedings of the I.R.E., vol. 19, 1931. 

Lobel, A.-The writer is considerably indebted to 
Mr. Lobel for valuable assistance in preparing, 
organizing, and editing data sheets and tables 
appearing in Sections II, Ill, IV, V, and the 
Appendixes. 

Magie, W. F.-The writer is indebted to Mr. l\Iagie 
for the translation of the original paper by P. 
Curie on "Piezoelectricity." The translation con
tained in the Handbook has been reprinted from 
A Source Book in Physics, W. F. Magie, copyright 
1935, McGraw-Hill Book Co., with the permission 
of the author and publisher. 

Mason, W. P.-Much of the descriptive informa
tion contained in Section I covering the theory 
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of piezoelectricity and the characteristics of piezo
electric elements is based upon information ob
tained in the published treati'>es of Mr. Mason. 
From Piezoelectric Crystals and Their Application 
to Ultrasonics, copyright 1950, D. Van Nostrand 
Co., has been obtained most of the information 
regarding the different types of synthetic piezo
electric crystals as well as a part of the data con
cerning the X-group of quartz crystals. Figures 
1-20, 1-32, and 1-55 of the Handbook have been 
reprinted entirely or in part from Mr. Mason's 
book with the permission of the author and the 
publisher. Equations 1-248 (1) and (2) have also 
been obtained from this source. 

From "Low Temperature Coefficient Quartz 
Crystals," Bell System Technical Journal, Janu
ary, 1940, permission has been obtained from the 
author and publisher ta use the curves illustrated 
in Handbook figures 1-45 and 1-46. 

The theory of quartz piezoelectric properties, 
presented in paragraphs 1-69 to 1-74, is based pri
marily upon Lord Kelvin's model of the quartz 
molecule, as extended by Mason to illustrate a 
simplified eoncept of quartz piezoelectricity in 
"Quartz Crystal Applications" ( Chapter I of 
Quartz Crystals for Electrical Circuits, Heising). 
From this same article has been obtained much 
of the general information relating to the vari
ous types of quartz cuts, as well as the following 
Handbook illustrations: figures 1-8, 1-9 ( origi
nally from Collected Works of Lord Kelvin, Cam
bridge Press), 1-11, 1-19 ( G). 1-43, 1-44, 1-53, 1-54, 
and 1-56. 

A large part of the information concerning the 
characteristics of the X-group of quartz crystals 
has been obtained from "Low-Frequency Quartz
Crystal Cuts Having Low Temperature Coeffi
cients" (Chapter XVII of Quartz Crystal.~ for 
Electrical Circuits, Heising), of which Mr. Mason 
is coauthor with Mr. R. A. Sykes. From this source 
have been obtained figures 1-23, 1-24, 1-25, 1-28, 
1-29, 1-33, 1-34, 1-35, 1-38. 

Equation 1-82 (1) is a modification of an equa
tion developed by Mr. Mason in "Electrical Wave 
Filters Employing Quartz Crystals as Elements," 
Hell System Technical Journal, July, 1934. 

Miller, C. J., Jr.-The writer has greatly bene
fited by two treatises by Mr. Miller; "Equivalent 
Network of a Quartz Crystal Unit and Its Appli
cation" and "The Pierce Oscillator," which appear 
as chapters l and I II, respectively, in Fundamental 
Principles of Crystal Oscillator Design, Circuit 
Section, Long Branch Signal Laboratory, Signal 
Corps, 1945-46. The approach to the generalized 
crystal oscillator and the methods discussed for 

WADC TR 56-156 632 

measuring vacuum-tube-circuit capacitances have 
proved particularly useful. Figure 1-100 of the 
Handbook has been traced from one Miller illus
tration, and figure 1-103 is a modification sug
gested by another. 

Nachman, M. W.-See Foreword. 

Philco Corporation.-Regrettably, space simply 
does not permit acknowledgments of the many 
personal contributions to the composition of this 
Handbook that have been made by Philco per
sonnel, but for which the writer nevertheless 
wishes to express his sincere appreciation. With
out the good faith and cooperation of the manage
ment and staff of the Philco Technical Publications 
Department, in particular, this Handbook would 
not have been possible. 

Prichard, A. C.-Information obtained from Mr. 
Prichard's treatise "The Miller Oscillator" (Chap
ter IV, Fundamental Principles of Crystal Oscil
lator Design, Circuit Section, Long Branch Signal 
Laboratory, Signal Corps) has been included in 
the Handbook. 

Roberts. E. A. et al.-Appreciation is felt for the 
assistance and many courtesies extended the 
writer when collecting data originally obtained in 
experiments performed under the supervision of 
Mr. Roberts at the Armour Research Foundation 
of the Illinois Institute of Technology. Of par
ticular value has been the information concerning 
the performance of parallel-mode oscillators that 
is contained in the interim report on USAF re
search Contract No. AF 18(600)-157, "Investiga
tion of Oscillator Circuits for Proposed Stand
ards," June 22, 1953. Copies of illustrations from 
this report are shown in figures 1-129, 1-130, 1-143, 
1-144, 1-145, 1-146, 1-147, and 1-148. Research 
engineers contributing materially to the project 
were E. K. Novak, P. Goldsmith, and J. Kurinsky. 

Robinson, S. A. et al.-The discussion of capaci
tance-bridge oscillators is based primarily upon 
the final report, "II. F. Harmonic Crystal Investi
gation," of an Air Force research project under
taken by the Research Division of Philco Corpora
tion in 1947 (AF Contract No. W33-038-ac-14172), 
with Messrs. Robinson, C. D. O'NeaJ, and F. N. 
Barry serving as project engineers. Handbook 
figures 1-112, 1-113, 1-114, l-1G5(A), 1-166, 1-167, 
1-168, 1-169, 1-170, 1-171, and 1-172 have been 
copied from this report. 

Ronan, J. A.-Part of the information concern
ing the plating of crystals has been obtained from 
Mr. Ronan's technical report, "Fabricating Tech-



niques for Crystal Unit CR-23/U," Signal Corps 
Engineering Laboratories. 

Schnepps, B.-The writer is greatly indebted to 
the conscientious work of Mr. Schneppg in pre
paring, organizing, and editing data sheets and 
tables appearing in Sections II, III, IV, V, and 
the Appendixes. 

Signal Corps.-The writer wishes to thank Mr. 
W. L. Doxey, Chief, and others of the staff at the 
1''requency Control llranch, Signal Corps Engineer• 
ing Laboratories, Fort Monmouth, N. J., for their 
cooperation in making available a large amount 
of useful bibliographical material. With their 
assistance, it has been possible to consult a much 
broader range of publications, illustrations, and 
reports than would otherwise have been possible. 

It should be mentioned that from the Signal 
Corps Technical Manual, TM-2540, Quartz Crys
talx, Theory, Fabrication and Performance Meas-
111rmenfa, much of the information concerning the 
fabrication of quartz crystal units has been ob
tained. The following Handbook illustrations have 
been obtained from this manual: figures 1-5,* 1-6, 
1-10,* 1-42, 1-57,* 1-58,* 1-59,* 1-63,* 1-64, 1-66,* 
1-67, and 1-89. Thost> figures marked with an 
asterisk have been obtained from negatives made 
available by the Signal Corps. 

Also of great use to the writer has been the 
Information Bulletin on Quartz Crystal Units, 
Armed Services Electm Standards Agency, Fort 
Monmouth, N. J. See Fair, I.E. and Sykes, R. A. 
for illustrations obtained from this source. 

In Section III, the illustrations of all Group-II 
crystal holders have been redrawn from drawings 
furnished by the Signal Corps. 

Finally, the circuit data for a large number of 
the individual oscillators described have been ob
tained from Signal Corps technical manuals. 

Stoek, D. J. R., et al.-Much of the discussion of 
crystal-unit drive-level characteristics is based 
upon information contained in the final report, 
"Investigation, Studies and Evaluation of Per
formance of Crystal Unit Characteristics," 1952, 
of a research project (Signal Corps Contract No. 
DA36-039-sc-5493) undertaken by the Research 
Division of New York University College of Engi
neering, Mr. Stock serving as project engineer, 
with the assistance of L. Silver, E. Strongin, and 
A. Yevlove. Handbook figures 1-115, 1-116, and 
1-118 have been obtained from this report. 

Sykes, R. A. (See also Foreword)-The discus
sions contained in Section I, entitled "Modes of 
Vibration" and "Rule-of-Thumb Equations for 
Estimating Parameters," are based upon and fol-
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low closely the information contained in the ex
position of these subjects by Mr. Sykes in "Design 
Data on Crystal Units" (Appendix I, Information 
Bulletin on Quartz Crystal Units, Armed Services 
Electro Standards Agency, Fort Monmouth, N. J., 
August, 1952). Handbook illustrations obtained 
from the foregoing treatise are figures 1-26, 1-27, 
1-30, 1-31, 1-36, 1-37, 1-49, 1-50, 1-51, 1-52, 1-85, 
and 1-88 (B). 

The information contained in the discussion of 
the modes of vibration of quartz crystals is also 
dependent upon the more extended treatment of 
the same subject by Mr. Sykes in "Modes of Mo
tion in Quartz Crystals, the Effects of Coupling 
and Methods of Design" ( Chapter VI, Quartz 
Crystals jor Electrical Circuits, Heising). Hand
book equations 1-81 (4) and 1-82 (1) have been 
obtained from this source. Also from this treatise 
are figures 1-12 and 1-13, which have been copied 
with the permission of the publisher, D. Van 
Nostrand Co. 

"Principles of Mounting Quartz Plates" (Chap
ter VIII, Quartz Crystals for Electrical Circuit.<:, 
Heising), by Mr. Sykes, is the source of the in
formation included in the Handbook concerning 
the cantilever method of crystal mounting, and 
also of much of the information concerning pn•s
sure mounts in general, wire mounts, and air-gap 
mounts. The equation in paragraph 1-158, and 
figures 1-71, 1-81, 1-82, 1-84, and 1-87 of the Hand
book are taken from this work, with the permis
sion of the publisher, D. Van Nostrand and Co. 

For acknowledgments of information obtained 
from "Low-Frequency Quartz-Crystal Cuts Hav
ing Low Temperature Coefficients," coauthored by 
Mr. Sykes, see Mason, W. P. 
Vigoureux, P. et al.-Quartz Vibration, by P. 
Vigoureux and C. F. Booth, H. M. Stationery Office, 
London, has been a valuable source of .reference 
for the writer. Of special usefulness has been the 
information on the design of crystal ovens, much 
of which has not been obtainable elsewhere. 
Western Electric Co.--The writer is indebted to 
the Western Electric Co. for making available the 
design recommendations of Bell Telephone Lab
oratories engineers, pertaining to the oscillator 
circuit illustrated in figure 1-157. 
Willard, G. W.-Mr. Willard's treatises, "Raw 
Quartz, Its Imperfections and Inspection" and 
"Use of the Etch Technique for Determining 
Orientation and Twinning in Quartz Crystals" 
(Chapters IV and V, respectively, Quartz Crystals 
for Electrical Circuits, Heising) have been prin
cipal sources of information covering their respec
tive subjects. Handbook figures 1-5, 1-58, 1-63, and 
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1-65 have been obtained from the above sources 
with the permission of the publisher, D. Van 
Nostrand Co. 

Wojcicki, F. J.-See Foreword. 

Wright Air Development Center.-See Foreword. 

Addendum 

Dasher, B. J. et al.-A large proportion of the viewing the Handbook revision material and for 
data contained in the discussion of junction tran- the many suggestions and corrections which have 
sistor oscillators has been obtained from the quar- helped to improve the usefulness and accuracy of 
terly reports on "Transistor Oscillators of Ex- the text. 
tended Frequency Range" by Messrs. Dasher, D. 
L. Finn, S. N. Witt, W. B. Warren, Jr., T. N. 
Lowry, et al., of the Georgia Institute of Technol
ogy, Atlanta, Georgia. (Dept. of the Army Con
tract No. DA-36-039-sc-42716). 

Finden, H. J.-The information on the Plessy syn
thesizer has been obtained primarily from "The 
Frequency Synthesizer" by Mr. Finden, Journal 
of the Institution of Electrwal "fiJngineers, vol. 90, 
Part III. 1943. 

The information on the attenuation of unwanted 
frequencies in frequency synthesis is based on 
"Developments in Frequency Synthesis" by Mr. 
Finden, Electronic Engineering, May 1953. 

Gerber, E. A.-The treatise "A Review of Methods 
for Measuring the Constants of Piezoelectric 
Vibrators" by Dr. Gerber, Proceedings of the 
l.R.E., September 1953, has been a valuable source 
of reference in preparing the discussions on the 
measurements of crystal oscillators. 

The writer also wishes to thank the engineering 
staff in the charge of Dr. Gerber at the Frequency 
Control Branch of the Signal Corps Engineering 
Laboratories for the time and effort spent in re-

Gruen, H. E. - The information on the Gruen 
packet oscillator series was obtained from "Devel
opment of Packet Oscillator Series" by Mr. Gruen, 
a project of the Armour Research Foundation, 
I.LT., completed in 1955. (USAF Contract No. AF 
33(616)-2125). 

Hahne), A. - The information on crystal-phase
controlled harmonic multipliers is based upon 
"Multichannel Crystal Control of VHF and UHF 
Oscillators" by Mr. Hahnel, Proceedings of the 
l.R.E., January 1953, and upon "A Single Crystal 
Multi-Channel Oscillator" by Messrs. L. R. Bat
tersby and E. A. Conover (Signal Corps Project 
No. 132A, March 1954). 

Savolainen, U. - The information on bimetallic 
thermostats in paragraph 4-18 was obtained from 
"Designing Bimetal Control Devices" by Mr. Sav
olainen, Product Engineering, August 1950. 

Sherman, J. W. Jr.-The writer is indebted to Mr. 
Sherman of the General Electric Company for the 
method described in paragraph 1-584 for simulat
ing marginal crystal units in parallel-mode cir
cuits. 
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Appendix Ill 
list of Manufacturers 

Mfrs 
Code 

CYA 

CAS 

CAHZ 

APPENDIX Ill-LIST OF MANUFACTURERS 

Manufacturers of crystals, crystal products, and crystal accessories are 
listed alphabetically by company name followed by letter symbols repre
senting the product or products available from stock, presently in manu
facture, or capable of being produced within a reasonable time. The products 
enumerated beside a firm name are those represented as being available 
at the time of preparation of this handbook. In the first column are listed 
the Standard Codes of Manufacturers' Names. 

The list represents a cross-section of the crystal industry; it is presented 
for reference purposes only and is not intended as an exclusive directory 
of recommended commercial sources. Manufacturers desiring to be included 
in this list should contact Communications and Navigation Laboratory, 
Attention WCLNE-1, Wrig.ht Air Development Center, Wright-Patter:wn 
Air Force Base, Ohio. A tabulation of the crystal products manufactured 
and comments on their availability should be submitted, along with the 
full company name and address. 

Mfrs 
Manufacturer Product• Code Manufacturer 

Aeronautical Electronics, Inc. B,C Breon Laboratories 
Raleigh-Durham Airport 1520 Evergreen Rd. 
P.O. Box 6043 Williamsport, Pa. 
Raleigh, N. C. 

CBD Brush Electronics Co. 
Alden Products Co. G,H 3405 Perkins Ave. 
112 N. Main St. Cleveland 14, Ohio 
Brockton 64, Mass. CBVZ Bulova Watch Co. 
American Lava Corp. E,G Quartz Crystal Div. 
Chattanooga 5, Tenn. 62-10 Woodside Ave. 

Bassett, Rex, Inc. C 
Woodside, Long Island 

Product• 

A,B,C 

A,B,E,F 

B, C, H, I, J 

1314 N.E. 17th Court Caribe Aircraft Radio Corp. I 

CRR 

CQB 

Fort Lauderdale, Fla. 

Bendix Radio Div. I CBN 
Bendix A via ti on Corp. 
Baltimore 4, Md. 

Bliley Electric Co. C, G, I,J 
Union Station Bldg. CMG 
Erie, Pa. 

Bodnar Industries, Inc. B 
19 Railroad Ave. CBQR 
New Rochelle, N. Y. 

Bram Chemical Co. A,B,C,D 
820 65th Ave. CBPR 
Philadelphia 26, Pa. 

•PRODUCT SYMBOLS 
A-CRYSTALS-RAW 
II-CRYSTALS-UNFINISHED 
C-CRYSTAL UNITS-QUARTZ 
D-CRYSTAL UNITS-TOURMALINE 
E-CRYSTAL TRANSDUCERS-BARIUM'. TITANATE 
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Coamo, Puerto Rico 

Centra]ab Div. of E,G 
Globe-Union, Inc. 

914Y E. Keefe Ave. 
Milwaukee 1, Wis. 

Cinch Mfg. Co. H 
1026 S. Homan Ave. 
Chicago 24, 111. 

Clark Crystal Co. B,C,D 
2 Farm Road 
Marlboro, Mass. 

Constantin, L. L., & Co. G 
Lodi, N. J. 

F-CRYSTAL TRANSDUCERS-ROCHELLE SALTS 
G-CRYSTAL HOLDERS 
If-CRYSTAL SOCKETS 
I-CRYSTAL OVENS 
J-PACKAGED OSCILLATORS 



Appendix Ill 
List of Manufacturen 

Mfr, Mfr, 
Cod.e Manufacturer P'l'Oduct• Code Ma,,,,:uf actu.rer Product• 

CBYB Cryco, Inc. C GWM Frequency Control Branch C 
1138 Mission St. Components Department 
South Pasadena, Calif. Signal Corps Engineering Laboratories 

Fort Monmouth, N. J. 
Crystals, Inc. C 

CDP General Ceramics & Steatite G Odell, Ill. 
Corp. 

CJL Daltron Corp. C Keasbey, N. J. 
5066 Santa Monica Blvd. General Crystal Co. C 
Los Angeles 29, Calif. P.O.Box9 

Diamond Drill Carbon Co. A Burlington, Wis. 

244 Madison Ave. CG General Electric Co. C 
New York 16, N. Y. Semi-Conductor Section 

DABS Downing Crystal Co. A, B, C, I Electronics Park 

191 Shaffer Ave. Syracuse, N. Y. 

Westminster,Md. CBGY Gombos Co., John, Inc. G 

CAZQ DX Radio Products Co., Inc. C 
107 Montgomery Ave. 

2300 W. Armitage Ave. 
Irvington 11, N. J. 

Chicago 47, Ill. Gulton Mfg. Co. E 
Metuchen, N. J. 

CEB Eby, Hugh H., Inc. H 
Hermetic Seal Products Co. G 4700 Stenton Ave. 

Philadelphia 40, Pa. 29-37 S. 6th St. 
Newark 7, N. J. 

CBEK EdoCorp. E,F HEEMCO C, I, J 
College Point, N. Y. ( Hill Electronic Engineering 

Eidson Electronic Co. B,C & Manufacturing Co.) 

1902 N. Third St. New Kingstown, Pa. 

Temple, Texas CACG Hoffman Co., P. R. B,C 

Elco Corp. H 
321 Cherry St. 

"M" St. below Erie Ave. 
Carlisle, Pa. 

Philadelphia 24, Pa. CAAN Hunt Corp., The B, C, I 
453 Lincoln St. 

Elgin National Watch Co. H Carlisle, Pa. 
Electronics Division 

CKZ Hupp Electronics Co. C, I 2435 N. Naomi Street 
Burbank, Calif. ( Formerly Standard Piezo Co.) 

Carlisle, Pa. 
CBEF Electrical Industries, Inc. G Ingram Labs, Inc. C 

44 Summer Ave. Griffin, Ga. 
Newark 4, N. J. 

International Crystal C,H,J 
Electro-Voice, Inc. E,F Mfg. Co. 
Buchanan, Mich. 18¼ N. Lee Ave. 

CER Erie Resistor Corp. E Oklahoma City 1, Okla. 

644 W. 12th St. CEJ Johnson Co., E. F. H 
Erie, Pa. Waseca, Minn. 

•NODIJCT IYIIIIOLS 

A-CRYSTALS-RAW G-CRYSTAL HOLDERS 
B-CRYSTALS-UNFINJSHED H-CRYSTAL SOCKETS 
<:-CRYSTAL UNITS-QUARTZ F-CRYSTAL TRANSDUCERS-ROCHELLE SALTS 
D-CRYSTAL UNITS-TOUIUIALINE I-CRYSTAL OVENS 
£-CRYSTAL TRANSDUCERS-BARIUII TITANATE J-PACKAGED OSCILLATOBS 
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List of Manufacturers 

Mfrs Mfrs 
Code Manufacturer Product• Code Manufacturer Product• 

CACK Kaar Engineering Co. C CKM Miller Laboratories, B, C, D, H,·I, J 
2995 Middlefield Rd. AugustE. 
P.O. Box 1320 9226 Hudson Blvd. 
Palo Alto, Calif. North Bergen, N. J. 

CBSS Keystone Electronics Co. C CZN Monitor Products Co. B, C, G, I, J 
114 Manhattan St. 815 Fremont Ave. 
Stamford, Conn. South Pasadena, Calif. 

King Laboratory, Inc. A CGG Motorola, Inc. C 
2645 South Second West 4545 West August Blvd. 
Salt Lake City, Utah Chicago 51, Ill. 

CADI Knights Co., James, The B, C,G, I,J Murray American Corp. A 

131 S. Wells St. 15 Commerce St. 

Sandwich, Ill. Chatham, N. J. 

CAJR Lavoie Laboratories I CNA National Co., Inc. H,J 

Morganville, N. J. 61 Sherman St. 
Malden 48, Mass. 

CBVS Lewis Co., Inc. E. B. B,C National Electronic Mfg. G 11 Bragg St. Corp. East Hartford 8, Conn. 186 Granite St. 
CLF Littelfuse, Inc. H Manchester, N. H. 

4757 N. Ravenswood Ave. REN Nebel Lab., R. E. B,C,G 
Chicago 40, Ill. 1624 E. 12th St. 
L. & 0. Research I Brooklyn 29, N. Y. 

& Development Corp. Northern Engineering Laboratories C 
134 North Wayne Ave. 434 Wilmont Ave. 
Wayne, Pa. Burlington, Wisconsin 
Maryland Lava Co. A,E,G Pan American Trade A 
Bel Air, Md. Development Corp. 

CBXK McCoy Electronics Co. B, C,I 2 Park Ave. 
Chestnut & Watt Sts. New York 16, N. Y. 
Mt. Holly Springs, Pa. CAIJ Pan-Electronics Corp. B,C 
Meridian Laboratory C,I P.O. Box 584 
Lake Geneva, Wis. Griffin, Ga. 

Methode Mfg. Corp. H CAMG Petersen Radio Co., Inc. C 
2021 W. Churchill St. 2800 W. Broadway 
Chicago 47, Ill. Council Bluffs, Iowa 

czx Midland Mfg. Co., Inc. B,C, I Piezo Products Co. C 
3155 Fiberglas Rd. Whitney St. 
Kansas City 15, Kansas Sherborn, Mass. 

CJA Millen Mfg. Co., James, Inc. H CBWN Pr~ision Crystal Laboratory B,C,I,J 
150 Exchange St. 2223 Warwick Ave. 
Malden, Mass. Santa Monica, Calif. 

•PRODVCT SYMBOLS 

A- CRYSTALS·-RAW 
B- CRYSTALS~UNFINISHED 
C- CRYSTAL UN 
o--CRYSTAL UN AUNE 
E CRYSTAL TRANSDUC -BARIUM TITANATE 
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F--CRYSTAL TRANSDUCERS-ROCHELLE SALTS 
G-CRYSTAL HOLDERS 
H-CRYSTAL SOCKETS 
I-CRYSTAL OVENS 
I-PACKAGED OSCILLATORS 



Mfrs 
Code 

CL 

CBPN 

CRV 

CUR 

CADG 

CBXR 

CBZA 

Appendix Ill 
List of Manufacturers 

Mfrs 
Manufacturer Product• Code Manufacturer Product• 

Precision Piezo Service B,C CSJ Stupakoff Ceramic & Mfg. Co. E,G 
427 Mayflower St. Latrobe, Pa. 
Baton Rouge, La. 

CHS Sylvania Electric H 
Premier Research B, C, D, G. I Products, Inc. 

Laboratories, Inc. 12 Second Ave. 
79-89 Seventh Ave. 
New York 11, N. Y. 

Warren, Pa. 

Radiation Counter I 
CAYM Tedford Crystal Labs. C 

4126 Colerain Ave. 
Laboratories, Inc. Cincinnati 23, Ohio 

5121 W. Grove St. 
Skokie, Ill. United States Gasket Co. H 

Radio Corporation of C Fluorocarbon Products Div. 

America P.O. Box648 

Commercial Electronics Products Camden, N. J. 

Camden 2, N. J. CAMU Valpey Crystal Corp. B, C, D, I 
Reeves-Hoffman Corp. B,C 
Cherry and North Sts. 
Carlisle, Pa. 

CAND 
Scientific Electronic G 

Labs., Inc. 
866 Bergen St. 
Newark 8, N. J. cw 
Scientific Radio B, C, I, .r 

Products, Inc. 
215 S. Eleventh St. 
Omaha 8, Neb. 

Sealtron Co. G CBVJ 

Reading Rd. at Amity 
Cincinnati 15, Ohio 

Sherold Crystals, Inc. C,D 
1510 McGee St. 
Kansas City 15, Kansas 

Standard Crystal Co. B, C, I 
1714 Locust St. 
Kansas City 8, Mo. 

•PRODUCT SYMBOL.<; 

A CRYSTALS---RAW 
11--CRYSTALS--UNFINISHED 
C CltYSTAL UNITS-<WARTZ 
D· CltvSTAI, UNITS-TOURMALINE 
F. CRYSTAL TRANSDUCERS--BARIUM TITANATE 

1244 Highland St. 
Holliston, Mass. 

V Precision Instrument Co. C 
57-02 Hoffman Drive 
Elmhurst, N. Y. 

Western Electric Co. C 
Radio Div., Electronic 

Products Sales Dept. 
120 Broadway 
New York 5, N. Y. 

Wright Electronics Inc. B, C, D, I 
1519 McGee St. 
Kansas City 8, Mo. 

X-tron Electronics A,B,C 
890 71st Ave. 
Oakland 21, Calif. 

Young Brothers Co. I 
1829 Columbus Rd. 
Cleveland, Ohio 

•·-CRYSTAi, TRANSIJUCERS-- ROCH•;1,LE SALTS 
i;. - CRYSTAL HOLf)•:RS 
11--CltYSTAI, SOCK•:TS 
I -CRYSTAi. ov~:Ns 
J-PACKAGED OSCILLATORS 
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Appendix IV 
Ordering lnformaffon-Speciflcations 

APPENDIX IV-RELATED SPECIFICATIONS, STANDARDS, PUBLICATIONS, 
AND DRAWINGS 

ORDERING INFORMATION 

D-1. Copies of specifications, standards, publica
tions, and drawings required by contractors in 
connection with specific procurement functions 
should be obtained from the procurement agency 
or as directed by the contracting officer. 

D-2. The following may be obtained from the 
Commanding General, Air Materiel Command, 
Wright-Patterson Air Force Base, Dayton, Ohio: 

a. U. S. Air Force Specifications and Drawings. 
b. Federal Specifications. 
c. Military Specifications and Standards. 

D-3. The following may • be obtained from the 
Commanding Officer, Signal Corps Procurement 
Agency, 2800 South 20th Street, Philadelphia 45, 
Pennsylvania: 

a. U. S. Army Specifications. 
b. National Military Establishment and Joint 

Army-Navy Specifications. 
c. Signal Corps Drawings and Marking In

structions. 

D-4. The following may be obtained from the 
Bureau of Supplies and Accounts, Navy Depart
ment, Washington 25, D. C. (activities of the 
Armed Forces should make application to the 
Commanding Officer, Naval Supply Center, Nor
folk 11, Va.) : 

a. Navy Department Specifications. 

b. FederaJ Specifications. 

c. Militacy Specifications. 

D-5. The following may be obtained from the 
Superintendent of Documents, Government Print
ing Office, Washington 25, D. C.: 

a. Department of Commerce Publications. 

b. Federal Specifications. 

D-6. Both the title and identifying number or sym
bol should be stipulated when requesting copies 
of specifications, standards, publications, and 
drawings. 

SPECIFICATIONS 

U. S. AIR FORCE 

AN-P-13 

40985 

Preservation and Packaging 
Parts and Equipment (General 
Specification for) (Note: This is 
an Air Force-Navy Aeronautical 
specification applicable only to 
Air Force purchases). 

Marking of Interior Packages 
(for Communications 
Equipment). 

AIR FORCE-NAVY AERONAUTICAL 

AN-P-34 

NN-B-601 

WADC TR 56-156 

Plating Nickel. 

FEDERAL 

Boxes, Wood-Cleated Plywood, 
for Domestic Shipment. 

NN-B-621 

QQ-A-318 

QQ-B-611 

QQ-B-746 

QQ-M-151 

QQ-N-321 

658 

Boxes, Wood, Nailed and 
Lock-Corner. 

Aluminum-Alloy (AL-52) 
(Aluminum-Magnesium
Chromium) ; Plate and Sheet. 

Brass, Commercial; Bars, Plates, 
Rods, Shapes, Sheets, and Strips. 

Bronze, Phosphor; Bars, Plates, 
Rods, Shapes, Sheets, and Strips. 

Metals; General Specification for 
Inspection of. 

Nickel-Silver .(German Silver); 
Bars, Plates, Rods, Shapes, 
Sheets, and Strips. 
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Ordering Information-Specifications 

QQ-S-571 Solder; Soft (Tin, Tin-Lead, and JAN-P-105 Packaging and Packing for 
Lead-Silver). Overseas Shipment-Boxes; 

QQ-S-636 Steel; Carbon (LQw Carbon), Wood, Cleated, Plywood. 

Sheets and Strips. JAN-P-106 Packaging and Packing for 

QQ-S-763 Steel, Corrosion-Resisting; Bars Overseas Shipment-Boxes; 

and Forging (Except for Wood, Nailed. 

Re-forging). JAN-P-108 Packaging and Packing for 

LLL-B-631 Boxes; Fiber Corrugated (for Overseas Shipment-Boxes, 

Domestic Shipment). Fiberboard (V-Board and 
W-Board), Exterior and Interior. 

LLL-B-636 Boxes; Fiber, Solid (for 
JAN-P-120 Packaging and Packing for Domestic Shipment). Overseas Shipment-Cartons, 

Folding, Paperboard. 
MILITARY 

JAN-P-125 Packaging and Packing for 
MIL-C-16B Crystal Unit, Quartz Overseas Shipment-Barrier 

(CR-IA/ AR, Pressure, Materials, Waterproof, Flexible. 
Mounted). 

JAN-P-183 Packaging and Packing for 
MIL-C-239B Crystal Unit, Quartz (CR-5/U). Overseas Shipment-Boxes, 

MIL-C-3098B Crystal Units, Quartz. Set-up, Paperboard. 

MIL-C-10405 Crystal Units, Quartz, Pressure JAN-P-139 Packaging and Packing for 

(Sig C) and Spacer Mounted. Overseas Shipment-Plywood, 
Container Grade. 

MIL-H-10066B Holders, Crystal. JAN-P-140 Packaging and Packing for 
MIL-L-10547 Liners, Case, Waterproof. Overseas Shipment-Adhesives, 

MIL-P-14 Plastfo-Materials, Molding, and 
Water-Resistant, Case-Liner. 

Plastic Parts, Molded; JAN..S-28A Sockets, Electron Tube, and 
Thermosetting. Accessories. 

MIL-P-116 Packaging and Packing for U.S. ARMY 
Overseas Shipment- 72-63 Finishes (For Ground Signal 
Preservation, Methods of. Equipments). 

MIL-R-3066 Rubber and Synthetic Rubber 72-119-A Holders for Quartz Crystals. 
Compounds, General Purpose 

94-40646 Marking; Exterior, Domestic f: (Except Tirea, Inner-Tubes, 
Sponge Rubber, and Hard and Export Shipments by 

I 
Rubber). Contractors. 

MIL-T-945A Test-Equipment, for Use with 100-2 Standard Specification for 

El~tronic Equipment: General Marking Shipments by 

Specification. Contractors. f 

JAN-C-173 Coating Materials, Moisture- and SIGNAL COIPS INSTRUCTIONS I Fungus-Resistant, for the 726-15 Marking of Interior Containers 
Treatment of Communications, (For Signal Corps Equipment). 
Electronic, and Associated 
Electrical Equipment. NAVY 

JAN-P-13 Plastic-Materials, Laminated, General Specification .for Inspection of Material 

Thermosetting; Sheets and (applicable only to Navy purchases). 

Plates. 22Wl3 Wire, Steel, Corrosion-Resisting. 

JAN-P-14 Plastic-Materials, Molded, 46N7 Nickel-Copper-Silicon-Alloy: 
Thermosetting. Castings. 
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Srandards-Publications 

STANDARDS 

MILITARY 

(Military Standards for individual Crystal Units 
and for drive adjustment procedures for the stand
ard crystal impedance meters are contained in 
Military Specification MIL-C-3098B.) 

MIL-STD-105 Sampling Procedures and Tables 
for Inspection by Attributes. 

MIL-STD-129 Marking of Shipments. 

JAN-STD-15 Electrical and Electronic 
Symbols. 

PUBLICATIONS 

U. S. AIR FORCE 

HB-16F-1 

HB-16F-2 

HB-16F-3 

S-16-F 

Gentile AF Depot-Crystal 
Handbook for Equipments 
Fr-164 Crystal Holder (Unit). 

Gentile AF Depot-Crystal 
Handbook for Equipments Using 
AR-3 Crystal Holder (Unit). 

Gentile AF Depot-Crystal 
Handbook for Equipments Using 
Fr-243 Crystal Holder (Unit). 

USAF Supply Catalog, Class 
16-F, Code 2100, Radio Crystals. 

SIGNAL CORPS 

Project 4422Dt Crystal Data Sheets (technical 
requirements for fabrication of 
crystal units contained in various 
equipments). 
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NAVSHIPS 
900,152 

NAVY 

Manufacturer's Designating 
Symbols. 

Navy Shipment Marking Handbook. 

D•ARTMENT OF COMMERCE 

National Bureau Screw-Thread Standards for 
of Standards Federal Services. 
Handbook H28 

AMERICAN IRON AND STEEL INSTITUTE 

Steel Products Manual (Stainless and Heat-Resist
ing Steels) . tt 

t Direct requests for this publication to: Commanding 
General, Signal Corps Engineering Laboratories, 
SCCSCL-PMM-3, Fort Monmouth, N. J. 

tt Direct requests for this publication to: American Iron 
and Steel Institute, 350 Fifth Avenue, New York 1, 
New York. 



Appendix IV 
Drawings 

DRAWINGS 

U. S. AIR FORCE SC-D-17316 Crystal Impedance Meter 

52Bl3216 Crystal Holder HC-( )/U, TS..330/TSM, Circuit Diagram. 

Assembly (Crystal Holders SC-D-17499 Crysbll Holder FT-243, Marking 
HC-11/U and HC-12/U). for Standard Units. 

SIGNAL CORPS SC-D-20032 Crystal Holder HC-4/U, 
SC-A-200 Crystal Holder FT-164. Assembly. 

SC-D-247 Crystal Holder FT-249, Outline SC-D-20035 Crystal Holder HC-3/U, 
Dimensions and Marking Assembly. 
Information. 

Crystal Holder FT-171-B, 
SC-D-20036 Crystal Holder HC-2/U, 

SC-D-5213 Assembly. 
Drawing List. 

SC-D-6806 Crystal Holder FT-243. SC-D-20724 Crystal Holder HC-5/U, 
Assembly. 

SC-D-7627 Cry;;tal Units DC-84 and DC-35, 
SC-D-20877 Crystal Holder HC-1/U, Outline Dimensions. 

Assembly. 
SC-D-9553 Crystal Holder FT-241-A, 

Critical Dimensions. SC-D-22892 Crystal Holder FT-171-B, 

SC-D-14444 Standard Oscillator 
Assembly. 

TS-39/TSM-1, Circuit Diagram. SC-D-25222 Crystal Impedance Meter 

SC-D-14445 Standard Oscillator 
TS..537 /I'SM, Circuit Diagram. 

TS..39/TSM-l, Calibration and SC-D-26189 Crystal Holder FT-249, Case 
Operation. Assembly. 
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Abbreviations 

APPENDIX Y-DEFINITIONS OF ABBREVIATIONS AND SYMBOLS 

ABBREVIATIONS 

ac (a-c) ................ alternating current ma ............................. milliampere (s) 
ADP ................ ammonium dihydrogen phosphate max ................. ,. ......... maximum 
afc (a-f-c) ....... automatic frequency control mc ................................ megacycle(s) 
AGC ... . . ....... automatic gain control mf (m-f) ............ medium frequency 
amp... . ............. ampere (s) mfr. ........................... manufacturer 
approx ...................... approximately Mil .............................. Military 
A WG ........................ American Wire Gauge min .............................. minimum, minute(s) 
bfo.. ...... . ............. beat-frequency oscillator mm ..................... millimeter (s) 
C ............................. centigrade mmf, ,.,.L ........... micromicrofarad (s) 
cal ................ calorie(s) mtg ............................. mounting 
cap ........................... capacitance mw .......................... milliwatt(s) 
cc ....................... cubic centimeter(s) NA. .............................. not applicable 
CFL ................ crystal frequency indicator nat ............................ natural 
CI ............................... crystal impedance (meter) NL .............................. not listed 
cm ..................... centimeter(s) no ............................... number(s) 
Co.. . ...... Company osc ............................... oscillator 
cont .................. continued oz ................................. ounce(s) 
cos. . ............ cosine PE ........................... paper, enamel (wire insulation per 
cot.. ......................... cotangent JAN-W-583) 
cps ............................... cycles per second PL ............................ performance index 
c to c ..................... center to center pL .......................... plate(d) 
cw (c-w) ............. continuous wave ppm ......................... parts per million 
db... . ....... decibels pr ................................. pair(s) 
de (d-c) ........ direct current qty ............................. quantity 
deg . degrees rec .......................... receiver 
dia........ .diameter ref ............................... reference 
DKT dipotassium tartrate rf (r-f) .............. radio frequency 
EDT .... ethylene diamine tartrate rms ............................. root mean square 
efL . . .. effective RTMA. ..................... Radio and Television 
emf..... . .... electromotive force Manufacturer's Association 
etc...... . et cetera sec ................................ second (s) 
F ............................... Fahrenheit /sec .......................... per second 
f.... . ........ farad(s) sin ................................ sine 
fig ................................. figure soc. min. de 
freq..... ..................... frequency France ...................... societe mineralogique de France 
ft ...................... foot (feet) spec .......................... specification (s) 
gm .................... gram(s) sq ................................ square 
gnd ............................. ground std ............................... standard 
h......... . ...... henry(s) tan ............................... tangent 
hf (h-f) .............. high frequency temp ........................ temperature 
if (i-f) .......... .intermediate frequency term ........................... terminal 
in. . ....... .inch (es) thd ............................... thread (ed) 
ins .......... ..insulat (ion) (ed) T.O .......................... (Air Force) Technical Order 
I.R.E.. .Institute of Radio Engineers USAF ...................... United States Air Force 
K........ . .... Kelvin V .................................. volt(s) 
kc.. .. .. kilocycle (s) vhf (v-h-f) ....... very high frequency 
lb. . ..... pound (s) vlf (v-1-f) ........... very low frequency 
If (1-f) .. . ..... ..low frequency w/... ... . ...... with 
lg . . ............... Jong, length xmtr ......................... transmitter 
p.a.... .. . ........ microampere ( s) xtaL .......................... crystal 
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SYMBOLS 

Definitions are given for all usages of symbols appearing 
in this manual. For each usage, the first paragraph wherein 
the B11mbol appears is listed. For a complete definition, in 
most instances, it is necessary to examine the symbol in 
context by ref erring to the cited paragraph. 

Symbol Paragraph 

1-90 
1-191 

WADC TR 56-156 

A. ............................. (1) 
(2) 
(3) 

quartz element ........................................................................ .. 
effective electrode area ...................................................... . 
constant-transconductance mode of vacuum-
tube operation ............................................................................. . 

(4) cross-sectional area ............................................................. . 
(5) area of radiating surface ..................................................... . 

AB ..................................... mode of vacuum-tube operation where control 
grid is biased on bend of E,.Ib curve between 
cutoff point and constant-gm region ........................ . 

AC ............................ ·--···••4Uartz cut ····················-·····•··••···········•··•·················•·••······················ 
AT .................................... quartz cut ......................................................................................... . 
&. ........................................... proportionality constant relating load resist

ance to the effective input resistance of trans-
former-coupled oscillator ................................................ . 

a, ........................... (1) empirical proportionality constant for length 
harmonic in quartz thickness-shear frequency 
equation .......................................................................................... . 

(2) empirical proportionality constant for width 
harmonic in quartz face-shear frequency mode 

a2 ........................................ empirical proportionality constant for width 
harmonic in quartz thickness-shear frequency 
equation ........................................................................................... . 

B.-........................... (1) quartz element ....................................... . 
(2) cutoff-bias mode of vacuum-tube operation ........ . 

BC ....................................... quartz cut ..................................................................... . 
BT ....................................... quartz cut ......................................................................................... . 
C ............................... (1) Carbon ................................................................................................ . 

(2) quartz element ..................................................................... . 
(3) motionaf .. arm (or series-arm) capacitance of 

crystal equivalent circuit. ................................................... . 
(4) greater-than-cutoff-bias mode of vacuum-tube 

operation ............................................................................................ . 
(5) heat capacity of thermofilter ........................................ . 

CA·······--· .......................... air-gap capacitance between crystal and elec-
trode ................................................................................................... . 

Cn ....................................... blocking capacitor .............................................. .. 
C. ...................................... adjustable capacitance, connected as one arm 

of capacitance-bridge circuit in series with 
crystal unit; used to balance bridge at off
resonance frequency when crystal unit ap
pears as a capacitance, so that bridge is only 
unbalanced near resonance of crystal ................ . 

c,..... . ................... heat capacity of crystal in crystal-oven circuit 
C,•11 ................................. heat capacity of crystal holder in crystal-oven 

circuit ... . ....................................................... . 
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1-273 
4-32 
4-35 

1-273 
1-23 
1-23 

1-395 

1-81 

1-82 

1-81 
1-90 
1-273 
1-23 
1-23 
1-29 
1-90 

1-188 

1-273 
4-58 

1-183 
1-220 

1-865 
4-58 

4-58 

Appendix V 
Symbols 



Appendix V 
Symbol5 

Symbol Paragraph 

total distributed capacitance across leads and 

WADC TR 56-156 

(1) 
terminals of crystal unit.... 1-201 

(2) dynamic positive capacitance effectively in 
series with vacuum-tube plate-to-cathode ca-
pacitance . .. 1-289 

(3) Cadmium .... Sect. III 
c,. . .. electrostatic capacitance across quartz-plate 

dielectric . 1-183 
c.. . ............. (1) total effective grid-to-cathode capacitance of 

vacuum-tube circuit ........................... 1-278 
(2) suppressor grid-to-ground capacitance of 

transitron crystal-oscillator circuit.... 1-425 
C/........ ... equivalent grid-circuit capacitance when grid 

impedance is represented as equivalent resist
ance in series with equivalent capacitive re-
actance 1-298 

c ... , .............................. grid-to-cathode capacitance of first vacuum 
tube in two-tube crystal-oscillator circuit.... 1-383 

c.,., .......... grid-to-cathode capacitance of second vacuum 
tube in two-tube crystal~oscillator circuit.... 1-383 

c., ... input capacitance of first tube in two-tube 

Cu .................... . 

parallel-resonant crystal oscillator.... 1-345 
...... excitation-grid-to-screen-grid capacitance of 

vacuum tube . 
input capacitance of second tube in two-tube 
parallel-resonant crystal oscillator. 

...... heat capacity of crystal-oven heater and adja
cent thermal distributing layers .. 

..... sum of heat capacities of heater and thermo
stat in crystal oven (Cu + CT) .... 

1-322 

1-345 

4-58 

4-59 
Cu,.................. . .. distributed capacitance of crystal unit be-

tween crystal holder and one electrode-ter
minal side of crystal ( capacitance on side of 
crystal opposite to Cu,). 1-183 

Cu, .................................. distributed capacitance of crystal unit be
tween crystal holder and one electrode-ter
minal side of crystal (capacitance op side of 
crystal opposite to Cu,) .... 1-183 

Ck........ . ................. distributed cathode-to-ground capacitance in 
modified grounded-grid oscillator......... 1-419 

C,. . . .............. distributed capacitance of leads and terminals 
of crystal unit. 1-182 

Cn. .. . ........ (1) dynamic negative plate-to-cathode capacitance 

c ... 
c ..... 

effectively introduced by vacuum tube in 
Pierce crystal oscillator. 1-278 

(2) capacitance in impedance-inverting network 
of impedance-inverting crystal oscillator equal 
to electrostatic shunt capacitance of crystal 
unit ...... .. ......... ....... .......... ............. ............. .................. 1-426 

.. heat capacity of crystal-oven walls.......................... 4-58 
. ........ total electrostatic shunt capacitance of crys-

tal-unit equivalent circuit. ......................... 1-184 
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(eff) C., .................... effective electrostatic shunt capacitance of 
crystal unit (equal to C0 plus any circuit ca
pacitance directly shunted across unit ter-
minals) ............................................................................ 1-230 

C,,.............. ... . . ....... total effective electrostatic plate-to-e,athode 
capacitance of vacuum-tube plate circuit............. 1-278 

C/........... . ... .total effective plate-to-cathode capacitance of 
generalized oscillator taking into account 
dynamic effects of vacuum tube... ..... .... ................. 1-278 

C1,........ . ..•••...••••.••.•.....••.. plate-to-cathode capacitance of vacuum-tube 
circuit . .. . .. ............... ..... ............................. 1-278 

C,., ............................... plate-to-grid capacitance of vacuum-tube cir
cuit; normally represents only stray capaci-
tance ....... ... . ................ 1-278 

CT ...................... (1) total capacitance (C., + C.) shunting series 
arm of generalized crystal-oscillator circuit... 1-211 

(2) total capacitance of capacitance-bridge oscil-
lator circuit . .... ............ . . 1-365 

(3) effective heat capacity of thermostat in crys-
tal oven .. ....... . .......... . ..... ........ .. 4-58 

C •.................................... external capacitance directly shunting crystal 
unit; considered as circuit variable ... 

C,. .................................... equivalent load capacitance shunting parallel-
mode crystal unit .............. . 

Cx
1
,. ................................. component of load capacitance of crystal unit 

in Miller oscillator due to inductive plate cir-
cuit (applicable when effect of grid-circuit 
losses on frequency can be considered negli-
gible) .............................................................................................. . 

Cx/ ...................... , ............ component of load capacitance of crystal unit 
in Miller oscillator due to inductive plate cir-
cuit ............................................................................................. . 

CT ....................................... quartz cut ........................... . ................................. . 
C, ......................................... equivalent series-arm capacitance of desired

frequency mode of crystal unit... 
C1, C., etc ................... capacitances in schematic diagram ............ . 
C2, Ca, •.• Ck••--······ .. equivalent series-arm capacitance of un-

1-230 

1-211 

1-332 

1-332 
1-23 

1-183 
1-220 

wanted-frequency modes of crystal unit.. 1-183 
CoH1,N,O,. .................... ethylene diamine tart.rate............................................... 1-36 
c ............................................ stiffness factor ............................................................................ 1-78 
D..... .. . ............ (1) quartz element ............................................................ .. 1-90 

(2) Q degradation of crystal unit; equal to ratjo 
of total effective resistance into which crystal 
must operate to crystal resonance resistance 

(~ ).......................................................................................................... 1-896 

(3) number of discriminators in synthesizer cir-
cuit ......................................................................................................... 1-456 

(4) diameter ............................................................................................. 4-18 
D, D,, D:. D1,1 ......... plate-stabilized modes of vacuum-tube opera-

tion ......................................................................................................... 1-298 
DT ..................................... quartz cut ......................................................................................... 1-23 
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d ....................... (1) distance between parallel atomic planes 1-127 
1-158 
1-203 

(2) diameter of pin or wire ...................................... . 
(3) differential sign .................................................................... . 
(4) piezoelectric constant giving ratio of strain to 

field ............................................................................ ., ..................... .. 1-248 
(5) linear displacement of bimetallic sensing ele-

ment ...................................................................................................... 4-18 
E.. ................................. quartz element ..................................................................... 1-90 
E1r ....................................... d-e plate voltage of vacuum tube.............. ............... 1-288 

.......................... (1) d-c bias voltage of excitation grid of vacuum 
tube ..................................................................................... . 1-293 

(2) rms r-f voltage across crystal unit....... .............. 1-312 
E,.., ..................................... cut-off voltage of vacuum tube....................................... 1-312 
Eru .................................... rms r-f voltage across crystal unit in capaci-

E,., ... 
tance-bridge oscillator circuit............................ ........ 1-365 

............... d-c bias voltage of excitation grid of first 
vacuum tube in two-tube crystal-oscillator 
circuit ................................................................................................... 1-378 

... (1) d-c voltage of screen grid........................................... 1-298 
(2) d-e bias voltage of excitation. grid of second 

vacuum tube in two-tube crystal oscillator....... 1-378 
Ee .................................. grid-to-cathode excitation voltage (rms) of 

vacuum tube .................................................................................... 1-233 
Egin .............................. peak amplitude of vacuum-tube excitation 

voltage ................................................................................................ 1-296 
Eg, .............................. grid-to-cathode excitation voltage (rms) of 

first vacuum tube in two-tube crystal-oscilla-
tor circuit ............................................... -........................................ 1-845 

E.., ........................... (1) grid-to-cathode excitation voltage (rms) of 
second vacuum tube in two-tube crystal-oscil-
lator circuit .................................................................................... . 

(2) screen-grid rms voltage of vacuum tube ............. .. 
E113 ................................... suppressor-grid rms voltage of vacuum tube 
E11 ................................... harmonic plate voltage of vacuum tube .............. . 
EL ........................................ rms voltage across load resistor in trans-

1-345 
1-425 
1-425 
1-322 

former-coupled oscillator .................................................. 1-393 
E .......................... (1) rms voltage across equivalent parallel-reso-

nant crystal-oscillator circuit (same as r-f 
voltage, Ee, across crystal unit)................................... 1-232 

(2) rms voltage output from oscillator circuit........ 1-342 
(3) rms voltage across center leg of bridge in 

Meacham-bridge oscillator ............................. ........... 1-358 
E1, ...................................... r-f plate voltage (rms) of vacuum tube.............. 1-233 
E,,m ..................................... rnaximum value of a-c component of vacuum-

tube plate voltage..... ........................................................... 1-312 
E111 .................................... r-f plate voltage (rms) of first vacuum tube 

in two-tube crystal-oscillator circuit........................ 1-345 
E ....................................... r-f plate voltage (rms) of second vacuum tube 

in two-tube crystal-oscillator circuit................. ... 1-345 
Ene ................................... rms voltage across crystal unit ( or equivalent 

resonance resistance in CI meter).............................. 1-436· 
E ......................................... rms voltage across secondary of plate trans-

former ................................................................................................... 1-358 
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E, ................ . ........ mechanical vibrational energy of crystal 
E, ................ . ..... rms voltage across thermistor in bridge cir-

cuit of Meacham-bridge oscillator 
ET .................................. quartz cut .. 
e ........................................ emissivity . 
eb···················~·······••······· .... instantaneous value of vacuum-tube plate 

1-249 

1-358 
1-23 
4-35 

voltage ......... ....................... .. .. ............ 1-312 
e, ....................... . 

eb···••··•·•·· 

instantaneous value of vacuum-tube grid volt-
age ...... . . 

..... _instantaneous harmonic voltage across 
vacuum-tube plate tank circuit .. 

e1, ..•...•.........••................. .instantaneous value of a-c component of 

F .. 
F,, ................... . 

vacuum-tube plate voltage .... 
..... quartz element 

frequency-stability factor for parallel-mode 
crystal-oscillator circuit; equal to rate of 
change in crystal-unit reactance per fractional 
change in frequency 

F.......................... ..frequency-stability factor for series-mode 
crystal-oscillator circuit; equal to rate of 
change in crystal-unit reactance per fractional 
change in frequency . .. 

1-312 

1-322 

1-312 
1-90 

1-243 

1-240 
Fx ........................ coefficient of frequency stability; equal to 

perc.?ntage change in reactance of stabilizing 
element per percentage change in frequency 1-227 

F x,..... . ................... frequency-stability coefficient; equal to per
centage rate of change in overall effective 
reactance (X,) of crystal unit for a percentage 
change in frequency; a measure of the stabil-
izing effect of crystal unit against percentage 
change in reactance of load capacitance, C,..... 1-243 

F x ................................ frequency-stability coefficient: equal to per
centage rate of change in series-arm react
ance . (X.) of crystal unit for a percentage 
change in frequency; a measure of the stabil
izing effect of crystal unit against percentage 
change in reactance of total effective shunt 
capacitance, CT ..... ....... 1-243 

FT............ .quartz cut..... 1-23 
f ........................... (1) frequency ................. 1-78 

(2) farad 1-188 
(3) nominal frequency at which crystal unit is 

assumed to operate .............................................. . 1-208 
(4) fundamental frequency of crystal-oven tem-

perature cycles .... . .. . ... ...... .... .. . .............................. 4-60 
f •........................................ antiresonant frequency of crystal unit .. 1-204 
f, ........................................ .fundamental frequency of first crystal oscil-

lator in synthesizer circuit ................. . 
f4 ................................. frequency of discriminator in synthesizer 

circuit 
f.-.................................. .frequency of force acting on oscillator 
f11 •.•..•...•...•••..••.••........•. highest frequency ... . ....................... . 
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fb ........................................ any particular harmonic of fundamental 
crystal-oscillator frequency passed by har-
monic selector in synthesizer circuit ..................... 1-455 

fL ....................................... lowest frequency ................................................. ...................... 1-248 
f., ............................ (1) frequency of oscillator ............................................... ... 1-265 

(2) frequency of variable oscillator in synthesizer 
circuit ..................... . .................. . ............ ............. .... 1-455 

............... parallel-resonant frequency of equivalent 
crystal-oscillator circuit . .... .. .... .......................... 1-210 

f,., ........ . . ............ ..operating parallel-resonant frequency of first 
crystal unit ... ..... . ............................. . 1-317 

f1,2·· ........ ........ . operating parallel-resonant frequency of sec-
ond crystal unit . .............................. ...... .... 1-317 

f, ........... resonant frequency of crystal unit .................. .. 1-204 
f,. ..................... . .. frequency at which an external reactance, X., 

is series-resonant with the equivalent react-
ance, X,., of a crystal unit ...................................... . 

{. .................................. series-resonant frequency of series arm 
........................... output frequency of second crystal oscillator 

1-217 
1-203 

in synthesizer circuit ...................................... ...... ........ 1-455 
F,, F., etc ................. dominant frequencies in various parts of 

frequency-control circuits as indicated in 
schematic diagrams ........... ........................... ............. ... ... 1-319 

G.. .. .. ....................... quartz element ... ...................................................... .... .. 1-90 
G., G., etc ................... voltage gains of coupling stages around oscil-

lator loop ..................................................................... . 
Gt .... ..................... voltage gain of the first part of G,, which in 

turn is the overall gain of a coupling stage that 
can be subdivided into two or more steps of 

1-267 

gains G,', G,", etc.................................................................. 1-378 
G/' ................................... voltage gain of the second part of G., which 

in turn is the overall gain of a coupling stage 
that can be subdivided into two or more steps 
of gains G.', G.'', etc.. .. .............. .. 

GT ........................... quartz cut .. . 
gm····· .. .. 
gm, ........ . 

H ... 

..... .transconductance of vacuum tube . 
. ............... .transconductance of first vacuum tube in two

tube crystal-oscillator circuit . 

...... ... (1) 
(2) 
(3) 
(4) 

. transconductance of second tube in two-tube 
crystal-oscillator circuit .. . 
H~rog~ ..................... . 
quartz element ................. . 
crystal holder . .. . .................... . 
number of first-crystal-oscillator harmonics 
utilized in synthesizer circuit ....................... .. 

IA. ... . ............... rate of absorption of radiant heat 
IA<'··· .............................. peak a-c thermal current through thermofllter 
I0 ...................................... average value of d-c plate current of vacuum 

tube ......................... .. 
Ihm· .................................. maximum d-c value of vacuum-tube plate cur

rent (plate current at peak of positive excita-

1-378 
1-23 
1-273 

1-348 

1-348 
1-29 
1-90 
1-183 

1-456 
4-40 
4-58 

1-277 

tion alternation) 1-312 
Ib1 ................................. average value of d-c plate current of first vac-

uum tube in two-tube crystal-oscillator circuit 1-378 
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Ib•··--·······--···········• ... •······••···average value of d-c plate current of second 
vacuum tube in two-tube crystal-oscillator 
circuit ............................................................................................. . 

1., .............................. (1) total r-f current through crystal unit (rms) .. . 
(2) average d-c vacuum-tube grid current ................ . 
(3) r-f collector current in transistor oscillator ..... . 

Ic ......................................... a-c current through electrostatic shunt capaci

1-378 
1-232 
1-296 
1-540 

tance of crystal unit.............................................................. 1-800 
l .......................................... r-f emitter current in transistor oscillator ...... 1-540 
I0 .................................... .instantaneous calorie output per second of 

crystal-oven heater when operating (equiv-
alent to wattage of heater) .................................... . 

Ic········· ... · .............................. r-f grid current (rms) of vacuum tube ............... . 
lgm ....................................... peak amplitude of r-f current ........................................ . 

4-58 
1-233 
1-293 

lg .......................................... reactive component of rms grid current due to 
grid-to-cathode capacitance of vacuum tube... 1-383 

Iir1 ......................................... that part of r-f plate current of second tube 
that is fed back to grid of first tube in two-
tube parallel-resonant crystal oscillator .......... 1-345 

1 ................................ .that part of r-f plate current of first tube that 
is fed to grid of second tube in two-tube paral-
lel-resonant crystal oscillator .......... . 

lff .......................... (1) thermal current ................................................ . 
(2) average rate of heat leakage to the outside in 

crystal-oven heater (equal to average power 

1-345 
4-32 

consumption of oven) .......... ................................... 4-58 
Im ....................................... apparent maximum a-c component of vacuum-

tube plate current .. ... ........... ........ .......... . ..................... 1-312 
IN ....................................... average net rate of heat supplied to crystal 

oven during initial heating period ............. . 
1.,. ....................................... portion of total r-f current through crystal 

unit that flows through electrostatic shunt 

4-71 

capacitance . .. . ........ .. . . ..... ......... ...................... 1-394 
................ a-c component of vacuum-tube plate current 

(rms) . . ........................ ..... . ................ 1-270 
1.,.., .................................... maximum (peak) amplitude of a-c component 

of vacuum-tube plate current ...... . 1-312 
11,, ...................................... a-c component of r,late current of first vacuum 

tube in two-tube crystal-oscillator circuit............ 1-377 
11,, .................................... a-c component of plate current of second 

vacuum tube in twe,..tube crystal-oscillator 
circuit ... .. ... ...................... ............................................. ....... 1-377 

I,, .. .. . .................. .total heat radiated per second .. 4-35 
I. ......... . ... (1) equivalent r-f current through series arm......... 1-249 

I, ............ . 

(2) portion of total rms plate current flowing 
through inductance of secondary in plate 
transformer of capacitance-bridge oscillator 1-366 

. ........... portion of total rms plate current flowing 
through the effective electrostatic plate-to-
cathode capacitance of capacitance-bridge 
oscillator circuit............. ....................................................... 1-367 

1, ...................................... portion of total rms plate current flowing 
through center leg of bridge circuit in capaci-
tance-bridge oscillator. . . .. ... .. ..... .......... ............ 1-366 
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I, ........................... (1) rms current through thermistor in bridge 
circuit in Meacham-bridge oscillator ................... . 1-360 

(2) portion of total rms plate current flowing 
through plate-to-grid leg of bridge circuit in 
capacitance-bridge oscillator .................................. . 1-366 

.................................... measure of imbalance in Meacham-bridge 
oscillator ........................... ........... ....... ...................................... 1-359 

it, ........................................ .instantaneous value of total vacuum-tube d-c 
plate current ................................................................... . 1-312 

• ., ............................................. instantaneous value of a-c component of 
vacuum-tube plate current ................ ............. .......... 1-812 

J ....................................... quartz element ............ .................................................. 1-90 
j .......................................... complex-number operator; equal to y-1 
Ji, J2 , etc .............. jacks in schematic diagrams .................... . 
K ......................... (1) Potassium ......... ........ . .................................. . 

(2) thermal conductivity . ........ ............ . ................. .. 
K,C.H,06-½H20 .. .dipotassium tartrate ... . .......................... . 
k ............................ (1) frequency constant ..................................... . 

(2) electromechanical coupling factor ............................ . 
(3) gain of vacuum tube; equal to ratio of r-f plate 

1-281 
1-436 
1-29 
4-32 
1-38 
1-79 
1-227 

voltage to r-f grid voltage. ........ ............................... 1-233 
(4) ratio of grid-leak resistance to minimum per

missible performance index of Military Stand-
ard crystal unit ....................................................................... 1-300 

(5) proportionality constant relating value of 
fixed resistance in Meacham bridge to crystal 
resistance ......................................................................................... 1-358 

(6) coefficient of transformer coupling .. .. 1-393 
(7) temperature coefficient of thermostat deflec-

tion in parts per degree centigrade, equal to 
k., kb, or k, .................................................................... . 

km .................................. .maximum practical ratio of grid-leak resist
ance to minimum performance index of' Mili-

4-18 

tary Standard crystal unit.............................................. 1-300 
k, ......................................... .frequency constant for length- or width-

extensional mode .............................................................. . 1-79 
k,.............. .................. . . .frequency constant for thickness-extensional 

mode ...................................................................................................... 1-80 
k3 •••••• • ....................... frequency constant for thickness-shear mode 
k,... . ................... frequency constant for face-shear mode of 

square plates .......................................................... . 
k/ ..... : ................................. frequency constant for face-shear mode ......... . 
k5 ••• •.••••.. .••••••• • ••••••• frequency constant for length-width-flexural 

mode ..................................................................................................... . 
k6 ................................... frequency constant for length-thickness-flex-

ural mode............... . ...................................................... . 
L ........................... (1) motional-arm ( or series-arm) inductance of 

1-81 

1-82 
1-82 

1-83 

crystal-unit equivalent circuit..................................... 1-183 
(2) length of thermal conductor...................... .......... ...... 4-32 

L.. ...... . .... .inductance of plate transformer in modified 
grounded-grid oscillator .. .... ............ ......... ...... .......... 1-419 

Lt,.... . ... cathode-to-ground inductance in modified 
grounded-grid oscillator ....................................... ....... 1-419 
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L, ........................... equivalent, or effective, inductance of crystal 
unit when unit is viewed as an equivalent re-
sistance and reactance in series.. . .... .............. .. 1-236 

L« ........ suppressor-grid circuit tank inductance in 
transitron crystal-oscillator circuit .. 1-425 

Lk.... . cathode-to-ground inductance in modified 
grounded-grid oscillator . 1-417 

L,... . ......... distributed inductance of leads and terminals 
of crystal unit 1-183 

L.,. ... . ...... external inductance connected across crystal 
unit to antiresonate with electrostatic shunt 
capacitance of the unit .. 

Ll' .. ··· ....... (1) inductance of plate circuit 
(2) inductance of primary in plate transformer of 

1-385 
1-328 

capacitance-bridge oscillator 1-365 

L,. ..... 

(3) inductance of plate-to-ground transformer in 
modified grounded-grid oscillator 

. ....... .inductance of secondary in plate transformer 
of capacitance-bridge oscillator 

........ .. dynamic inductance between plate and cathode 
effectively introduced by vacuum tube 
equivalent series-arm inductance of desired
frequency mode of crystal unit 

L,, L0 , etc.. . ..... inductances in schematic diagrams ... 
L2 , L,., ... 4 ....... equivalent series-arm inductance of unwanted-

frequency modes of crystal unit 
L...... . ..... length 
I,....... . ........ mechanical one-quarter wavelength of wire .... . 
I, ....................................... mechanical three-quarter wavelength of wire 
l/t.. ........ ratio of length to thickness .... . 
M.... (1) quartz element .. 

(2) figure of merit 
(3) coefficient of inductive coupling .......... . 

M, M,. M,, ... Mk ... meter . . . ................... . 
MT ...... ................ .. ... quartz cut .... . 
m .. ... ... .. . ....... ( 1) quartz face 

N ...... . 

(2) harmonic integer . 
(3) constant for mode of vibration in frequency 

equation of clamp-free rod in flexural vibra
tion 

(4) proportionality constant relating total resist
ance on crystal side of Meacham bridge to the 
value of the resistance of the variable arm 
alone 

..... (1) nitrogen 
(2) quartz element 
(3) ratio of a conveniently assumed reference 

value of R. to any particular value of R. 
(= R"N); thus N = (ref)R,/R"N. ... .. .... 

(4) same as in definition (3), but in the particu
lar case where (ref) R.. is the maximum per
missible resonance resistance of a Military 
Standard crystal unit and R,.~ is the minimum 
expected resonance resistance 
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(5) turns ratio of autotransformer in grounded-

WADC TR 56-156 

grid oscillator (equal to ratio of total turns 
to turns of secondary) ........................................ . 

(6) total number of frequency channels in syn-
thesizer circuit ... ... ......... . . ............... .. 
.Sodium ............................. . 

1-407 

1-442 
1-29 Na 

NaKC,H,Ou-
4H,O ... ... Rochelle salt . .... 1-29 
N~ .. . ... turns ratio of grid transformer in vacuum-

tube circuit . . ...... ............ 1-358 
........................ turns ratio of plate transformer in vacuum

tube circuit .. 
NH,H,PO, 
NT. 
n. 

.... ammonium dihydrogen phosphate 
.... quartz cut 

... (1) integer; equal to harmonic of oscillation 
(2) a positive integer; equal to the sequence num

ber of any given frequency in a set of fre
quencies (e.g. in an ascending sequence of 
evenly-spaced crystal frequencies numbered 
1, 2, ... etc., n 1 for the No. 1 crystal, n = 2 
for the No. 2 crystal, etc.).. .. ................................. . 

0 ..................................... Oxygen ..................................................................... .. 
P. . ......................... Phosphorus.... . ...................................................... . 
Pe... . ............................ power dissipated in crystal unit.. ..... . 
Pem ................................ maximum power dissipation recommended for 

Military Standard crystal unit. .................................. . 
Pir .................................... power dissipated in vacuum-tube grid circuit 
PL ....................... . ..... power dissipated in crystal-oscillator load ........ . 
P0 ................................ power dissipated in output circuit ......................... . 
Pp ................................. power dissipated in plate circuit of trans-

former-coupled oscillator ............................................. . 
Pz1, ........................... power dissipated in oscillator tank circuit ..... . 

(1) power dissipated by R1 (crystal-unit) arm in 
Meacham-bridge oscillator .................................. . 

(2) position of any given adjustment of adjust-
able thermostat . ...... .. . . ...... ....... ........ .. . 

p ............................................ harmonic integer ...................................................................... . 
Q ........................ quality factor .... . ........... .. 
Q ...................................... effective quality factor of crystal unit equal 

to Xp/R .......................................................................... . 
Q.m ................................... maximum possible effective quality factor of 

a given crystal unit . ............ .. ........................... . 
Qt .............................. .imaginary effective overall phase-rotating 

quality factor of an oscillator feedback circuit 
Q,................ . ................ quality factor of vacuum-tube input imped-

1-359 
1-29 
1-23 
1-79 

1-445 
1-29 
1-29 
1-233 

1-293 
1-296 
1-397 
1-333 

1-395 
1-312 

1-361 

4-16 
1-81 
1-36 

1-227 

1-217 

1-272 

ance ............... . ................ ................... ..... .. 1-272 
Q1 ... ,. ................................... overall quality factor of a-c impedance of oscil

lator feedback circuit from plate to grid to 
cathode ..... .......... ........ ....................................... 1-272 

Q. . . . .......... effective quality factor of series arm of crystal 
unit (equal to X./R)........... ..................................... 1-213 

R. (1) motional-arm (or series-arm) resistance of 
crystal-unit equivalent circuit.......................... 1-183 
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(2) effective Jumped thermal resistance of thermo-
filter in crystal oven ... 

.. thermal resistance of air outside crystal oven 
....................... plate load resistance of first vacuum tube in 

two-tube parallel-resonant crystal oscillator .. 
.......... (1) plate load resistance of second vacuum tube in 

two-tube parallel-resonant crystal oscillator. 
(2) external resistance in base circuit of tran

sistor 
........... effective thermal resistanoe of crystal cham

ber in crystal oven .... 
Rcu- ......... . .... . .. ... effective thermal resistance of crystal holder 
Re-•• .... (1) total effective resistance faced by crystal unit 

(normally useful only when unit is assumed 
to operate at resonant frequency) 

Re' .... 

Rem·· 

R, .. 
R, •... 

Ru .. 
Rr 

(2) collector resistance of transistor .. 
(3) external resistance in coUector circuit of tran

sistor .. 
. ... ... effective grid resistance in oscillator circuit 
(1) equivalent, or effective, resistance of crystal 

unit when unit is viewed as an equivalent re
sistance and reactance in series .. 

(2) external resistance in emitter circuit of tran
sistor .... 

. ............ effective resistance, R., of crystal unit when 
assuming stray shunt capacitance introduced 
by circuit is part of total electrostatic shunt 
capacitance of crystal unit .. 

.. specified maximum effective resistance of 
parallel-mode, Military Standard crystal unit 
any particular value of R. whose ratio to a 
conveniently assumed reference value, (ref) 
R., is equal to N . 

. . equivalent, or effective, resistance (R.) of 
crystal unit when operating at parallel-reso
nance frequency, f 0, of equivalent crystal
oscillator circuit 
.total resistance of feedback circuit ..... . 

. .. effective resistance of feedback circuit insofar 
as it affects oscillator frequency .. 

.. grid-leak resistance . 

. ... resistive component of grid impedance when 
latter is represented as equivalent resistance 
in series with equivalent reactance. 
effective grid resistance in equivalent oscil
lator circuit 
grid-leak resistance of first vacuum tube in 
two-tube crystal-oscillator circuit 

... grid-leak resistance of second vacuum tube in 
two-tube crystal-oscillator circuit .... 

. thermal resistance . 
.. terminal-to-terminal r-f insulation resistance 
of crystal unit . 

... cathode biasing resistance ... 
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1-345 

1-345 

1-548 

4-58 
4-58 

1-241 
1-540 

1-548 
1-331 

1-204 

1-546 

1-278 

1-293 

1-312 

1-210 
1-297 

1-297 
1-277 

1-345 

1-345 
4-33 

1-183 
1-307 
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R.,, ... 

R., 

R •.. 

R1, R2, etc 
R2, Ra, ... Rk 

. (1) distributed resistance of leads and terminals 
of crystal unit 

(2) equivalent, or effective, load resistance of 
oscillator tube 

(3) load resistance of transistor oscillator circuit 
.. equivalent load resistance of vacuum-tube 

plate-circuit impedance when represented as 
in series with reactive component ... --
maximum permissible resonance resistance of 
series-mode Military Standard crystal unit .... 

.... effective thermal resistance of crystal oven 
between heater and the outside ... 

....... equivalent output resistance connected across 
vacuum-tube plate circuit having such a value 
that its losses equal the power output for a 
given r-f plate voltage 
plate resistance of vacuum tube ... 

. , . plate resistance of first vacuum tube in two
tube crystal-oscillator circuit 

......... plate resistance of second vacuum tube in two
tube crystal-oscillator circuit . 

(1) total load resistance in series with total re
actance, XT, shunting series arm of equivalent 
crystal-oscillator circuit 

(2) sum of fixed resistance and resistance of indi
cator lamp in bridge circuit of Meacham
bridge oscillator 
equivalent load resistance in series with re
actance, X., shunting crystal unit in equiva
lent parallel-resonant crystal circuit 

. resistive component of load impedance .. 
equivalent series-arm resistance of desired
frequency mode of crystal unit. 
.resistances in schematic diagram 
equivalent series-arm resistance of unwanted
frequency modes of crystal unit .. 

r. . (1) quartz face 

re·• 

r. 

(2) ratio of total electrostatic shunt capacitance, 
C.,, to motional-arm capacitance, C, of crystal 
equivalent circuit .... 

(3) power ratio in grounded-grid oscillator, equal 
to PdPc 
effective internal, small-signal, linear, base 
resistance of transistor when transistor rep
resented by equivalent T network 

. effective internal, small-signal, linear, collec
tor resistance of transistor when transistor is 
represented by equivalent T network ... 

(1) ratio of electrostatic capacitance, C., across 
quartz-plate dielectric, to motional-arm ca
pacitance, C, of crystal-unit equivalent circuit 

(2) effective internal, small-signal, linear, collec
tor resistance of transistor when transistor is 
represented by equivalent T network 
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1-183 

1-278 
1-450 

1-300 

1-362 

4-58 

1-333 
1-268 

1-378 

1-378 

1-211 

1-358 

1-210 
1-281 

1-183 
1-277 

1-183 
1-42 

1-208 

1-411 

l-548 

1-540 

1-197 

1-548 
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S. ... . . .thermistor sensitivity in Meacham-bridge os-
cillator .. . .. . .... 

S, 81, S:i, etc ... switches in schematic diagram 
Si.......... . ................... Silicon 
SiO2 .. . . ....... silicon dioxide .. . 
s.. . (1) quartz face 

(2) elastic compliance factor 
(3) activity sensitivity of bridge circuit in 

Meacham-bridge oscillator .. 
T ..... .. ...... temperature .. 
TAo--. .. .. peak amplitude of temperature cycles 
To. . . .......... average crystal temperature 
TH. ..average heater temperature . 
T.., ...................................... operating temperature of oven and/or thermo-

stat ..................................................................................................... . 
T ................................... absolute temperature of surroundings of radi-

ating surface .......... .......... ......... .. ......................... . 
t........... ................. ( 1) thickness ...... .... .. ........ . 

(2) time (in seconds) ........................................ . 
t/L .................................... ratio of thickness to length.................................. ... .. 
tan - 1 ............................ arctangent (an angle whose tangent is) ............. .. 
V ........................ (1) quartz cut ..... .. ....................... . 

V,, V,, etc ..... 
v .............. . 
W ............ .. 

w/L 
X. 

(2) applied d-c voltage......... ............................ . ................ . 
(3) volume.... .. ......................... . 

...... vacuum tubes in schematic diagram ....... .. 
.... velocity 

. ......... width .... . 
. .......... ratio of width to length .. 
(1) quartz cut . 
(2) crystal axis .... 
(3) number of crystals for second crystal oscilla

tor in synthesizer circuit ........ 
X' .................................... directional axis of the crystal dimension that 

initially coincided with a true X axis before 

1-360. 
1-188 
1-40 
1-40 
1-43 
1-78 

1--360 
4--35 
4-61 
4-56 
4-56 

4-16 

4-40 
1-80 
1-296 
1-101 
1-280 
1-23 
1-248 
4-25 
1-309 
1-78 
1-79 
1-79 
1-23 
1-23 

1-442 

rotation ................ . ....... Fig. 1-17 
X;_ ................... (1) capacitive reactance 1-187 

(2) motional-arm capacitive reactance of crystal-

X,,ll .... 

unit equivalent circuit....................... ... ..... ............ 1-190 
(3) thermal reactance of thermofilter capacity.. ..... 4-61 

.... capacitive reactance of balancing capacitance 
of capacitance-bridge circuit............... 1-365 

...... reactance of effective grid-to-cathode capaci-
tance of vacuum-tube circuit....... 1-280 

.reactance of effective grid-to-cathode capaci-
tance of first vacuum tube in two-tube crystal 
oscillator circuit .. .. ..... .. ............ 1-383 

... capacitive reactive component of grid imped-
ance when latter is represented as equivalent 
capacitance in series with equivalent resist-
ance .... 
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Xc,. ...................... (l) equivalent positive reactance of dynamic neg
ative plate-to-cathode capacitance effectively 
introduced by vacuum tube in Pierce crystal 
oscillator ........................................................................................... .. 

(2) :reactance of C0 in impedance-inverting crys-
1-281 

tal oscillator ......................................................................... 1-426 
Xe ..................................... shunt capacitive reactance of crystal-unit 

0 

equivalent circuit ..................................................... ............... 1-187 
Xcp .................................... reactance of total effective electrostatic plate-

to-cathode capacitance of vacuum-tube plate 
circuit ...................... ................... ......................................... ..... 1-281 

X ........................................ equivalent, or effective, reactance of crystal 
unit when unit is viewed as an equivalent re-
sistance and reactance in series...................... ........ 1-204 

x: .... 

x, ...... 

Xu, ... 

X/ .... 

XI';, 
X, ..... 

x .• 

x,p--· 

. ..................... effective reactance, XH of crystal unit when 
assuming stray shunt capacitance introduced 
by circu;t is part of total electrostatic shunt 
capacitance of crystal unit. 
effective reactance, x., of crystal unit when 
operating at parallel-resonance frequency, fv, 
of generalized crystaJ .. oscillator circuit... ........... . 

. .. generalized reactive component of grid imped-
ance in oscillator circuit ..................... . 

(1) inductive reactance ..... .. . .................... . 
(2) motional-arm inductive reactance of crystal-

unit equivalent circuit.................. .. ................... . 
...... . .... reactance of distributed inductance of leads 

and terminals of crystal unit ................... . 
.......... .inductive reactance of secondary of plate 

transformer in capacitance-bridge oscillator 
......... reactive component of plate impedance in os-

cillator circuit .. . ............................................ . 
. .......... reactive component of plate impedance in 

Miller oscillator when expressed as a combined 
function of plate and grid circuit ... 

......................... plate-to-grid reactance in vacuum-tube circuit 
............... total series-arm reactance of crystal-unit 

equivalent circuit . 
. .......... total series-arm reactance, X., of crystal-unit 

equivalent circuit at antiresonance .... 
.... total series-arm reactance, X., of crystal-unit 

equivalent circuit when operating at parallel 
resonance with total effective load capaci
tance, C.r, of generalized oscillator circuit (em
ployed only when convenient to distinguish 
between X. used in the general sense and X. 
when used in the particular case of the 
equivalent parallel-resonant crystal-oscillator 
circuit) 

.......... total reactance in series with total load re
sistance, R.r, shunting series arm of equivalent 
crystal-oscillator circuit ...................... .. 
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1-278 

1-210 

1-331 
1-187 

1-190 

1-187 

1-365 

1-331 

1-332 
1-331 

1-203 

1-208 

1-214 

1-211 
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... total reactance in series with total load re-
sistance, RT, shunting series arm of equiva
lent parallel-resonant crystal-oscillator circuit 
(employed only when convenient to distin
guish between X,, used in the general sense 
and when used in the particular case of the 
equivalent parallel-resonant crystal-oscillator 
circuit) . . ... ... ... . ............. 1-211 

X .......................... ............ reactance in series with load resistance, R., 

WADC TR 56-156 

Xzr, ..... 
x .. 

y, . 

YT 
y 
Z. 

Z' 

Z" ... 

z. 

shunting crystal unit in equivalent parallel-
resonant crystal circuit... . ................... . 

. ............ reactive component of load impedance .. 
......... (1) quartz face .... 

(2) dimension of crystal blank in X-axis direction 
(1) quartz cut 
(2) crystal axis 

. .. directional axis of the crystal dimension that 
initially coincided with a true Y axis before 

1-210 
1-281 
1-43 
1-51 
1-23 
1-23 

rotation Fig. 1-17 
......... quartz cut 1-90 

dimension of crystal blank in Y-axis direction 1-51 
(1) quartz axis 1-51 
(2) impedance 1-188 

directional axis of the crystal dimension that 
initially coincided with a true Z axis before 
rotation Fig. 1-17 
directional axis of the crystal dimension that 
initially coincided with the z, axis before 
rotation. Fig. 1-17 

.. equivalent, or effective, impedance of crystal 
unit 

.... impedance of feedback circuit . 
. (1) grid-to-cathode impedance as viewed by the 

excitation source 
(2) impedance of excitation source as viewed by 

grid of vacuum tube .. 
.... . ... input impedance of first tube in two-tube 

parallel-resonant crystal oscillator 
input impedance of second tube in two-tube 
parallel-resonant crystal oscillator 

. vacuum-tube a-c plate-circuit impedance be
tween cathode and ground (in the Butler os-
cillator, Zk is the output impedance of the 
cathode follower) 

.. ... . .. output impedance of cathode follower as 
viewed by the crystal in grounded-plate oscil
lator 

....... a-c load impedance 
.. input impedance of impedance-inverting net

work 
.. . characteristic impedance of impedance-invert-

1-209 
1-378 

1-233 

1-398 

1-345 

1-345 

1-378 

1-422 
1-268 

1-426 

ing network 1-426 
(1) impedance of an equivalent parallel-resonant 

crystal circuit; antiresonant impedance of 

Appendix V 
Symbols 



Appendix V 
Symbols 

Symbol Paragraph 

WADC TR 56-156 

Zi, (Cont) ................... crystal unit in parallel with equivalent load 
capacitance, c. (equal to the performance 
index of a crystal unit having a rated load 

z. 

capacitance, C,) . 1-214 
(2) a-c impedance of vacuum-tube plate circuit.. 1-269 

......... a-c impedance between plate and excitation 
grid of vacuum tube ... 

. .... . .. . total a-c impedance of oscillator feedback cir-
cuit from plate to grid to cathode ...... . 

.. . .... ..... .. . external plate impedance of first tube in two-
tube crystal osci11ator ..... . 

.. ......... external plate impedance of second tube in 
two-tube crystal oscillator .... 

. . ......... series-arm impedance of crystal-unit equiva
lent circuit 

.. effective plate impedance of cathode follower 
in two-tube Butler circuit as faced by cathode
to-ground output circuit 

1-269 

1-270 

1-348 

1-348 

1-426 

1-378 
Z2 ............................. effective plate impedance of grounded-grid 

vacuum tube in two-tube Butler circuit as 

z 
faced by cathode-to-ground input circuit .... 

........... (1) quartz face 
1-378 
1-42 
1-61 

0 

5°X ... 
-18°X .. 
.......... , ... 
A .... 
M 

Af0 .. 

Af, .• 

AH. 

(2) dimension of crystal blank in Z-axis direction 
... zero quantity; used only in data charts of 

composite schematic diagrams that represent 
more than one circuit. Equivalent to short cir
cuit when used to designate value of resist
ance or inductance; equivalent to open circuit 
when used to designate value of capacitance Fig. 1-135 
quartz cut 1-90 
quartz cut 1-90 
current amplification factor of transistor.. 1-450 

. ...... any small difference or incremental change 1-203 
any small change in frequency, but usually 
the difference between crystal-unit operating 
frequency, f, and series-resonance frequency, 
f • 

...... difference between antiresonant frequency, f., 
and series-resonance frequency, f., of crystal 
unit ......................................... . 
any small change in frequency of variable 
oscillator in synthesizer circuit .. 

. ......... difference between parallel-resonance fre
quency, fv, of crystal circuit and series-reso-
nance frequency, f., of crystal unit .. 

..... ...... difference between resonance frequency, f,, 
and series-resonance frequency, f., of crystal 

1-203 

1-208 

1-461 

unit . .......................................... 1-206 
.......... difference between the frequency, f.., at which 

the crystal unit is series-resonant with an 
external load capacitance, Cu and the series
resonance frequency, f., of the crystal unit 
itself 
a change in thermal energy .. 
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AT .. . .................. a change or difference in temperature; a "tern-
perature drop" along a heat-conducting path 4-18 

AV a difference of potential; a voltage drop 4-34 
AX •. . any small change in the effective reactance, 

X., of a crystal unit, where the unit imped-
ance is viewed as an effective resistance and 
reactance in series 1-223 

a ................ partial differential of 1-298 
I!.. . dielectric constant 1-248 
f) ·••·· (1) second angle of rotation, used in defining 

orientation of crystal cut 1-88 
(2) angle of incidence of X-rays with atomic plane 1-127 
(3) impedance phase angle of crystal-oscillator 

circuit 1-240 
(4) that angle of vacuum-tube excitation-voltage 

excursion during which no plate current flows 1-312 
(5) angle indicating small phase shift in variable-

leg voltage of Meacham-bridge oscillator ... 1-358 
f)E . phase angle of vacuum-tube grid-to--eathode 

g 

excitation voltage with respect to a designated 
reference 1-270 

f)Ep ... phase angle of vacuum-tube r-f plate voltage 
with respect to a designated reference 1-270 

01 .. phase angle of vacuum-tube r-f grid current 
g 

with respect to a designated reference 1-270 

/JN . that angle of vacuum-tube excitation-voltage 
excursion during which no plate current flows 
for the case when R. equals a particular value, 
R.N 1-312 

8zs phase angle of the a-c voltage across the grid-
to-cathode impedance with respect to the a-c 
current through the impedance 1-270 

Bz phase angle of the voltage across the imped-
P!'C 

ance of the oscillator feedback circuit with 
respect to the current through the impedance 1-270 

>. ... wavelength 1-78 
,,. (1) micro 1-191 

(2) amplification factor of vacuum tube 1-268 
flt amplification factor of first vacuum tube in 

two-tube crystal-oscillator circuit 1-378 
/J,2 amplification factor of second vacuum tube in 

two-tube crystal-oscillator circuit.. 1-378 
1T .. pi (approximately equal to 3.14) 1-158 
p .. (1) density 1-78 

(2) negative resistance 1-232 
P• negative resistance of generalized crystal os-

cillator when circuit is represented as series-
connected 1-232 

PT equivalent negative resistance of vacuum tube 
when tube is represented by an equivalent re-
actance and negative resistance in parallel 1-278 
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. .... algebraic sum of the indicated quantities cor
responding to all integral values of n from 1 
to 00 1-598 

.. the Stefan-Boltzmann constant, equal to the 
radiancy of an ideal black body per (degree) 4 4-35 

(1) first angle of rotation, used in defining orien-
tation of crystal cut 1-88 

(2) angle indicating small phase shift of center-
leg voltage in Meacham-bridge oscillator 1-358 

(3) angular displacement in radians of bimetallic 
element 4-18 
. third angle of rotation, used in defining orien
tation of crystal cut 

. ohm(s) 
nominal angular frequency at which crystal 
unit is assumed to operate .. 
is equal to 
is approximately equal to ... 

... is greater than .. 
.. is much greater than ... 

.is less than 
.is much less than . 

......... as one quantity approaches another in value 
plus or minus 
. the absolute or unsigned value of any quantity 
contained within the verticals .. 
. infinite quantity; equivalent to an open circuit 
when used to designate the value of a resist
ance or an inductance, and equivalent to a 
short circuit (d-c as well as a-e) when used 
to designate a capacitance in the data charts 
of those figures showing composite schematic 
diagrams that represent more than one cir
cuit. Equivalent to an r-f bypass value when 
used to designate the value of a capacitance 
in a single-circuit drawing 
per cent 

(1) degree(s), temperature 
(2) degree (s), orientation angle 

angular minute(s) 
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1-88 
1-207 

1-208 
1-78 
1-82 
1-206 
1-206 
1-232 
1-106 
1-281 
1-88 
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Lowest Decimal Fraction Integral Decimal Part Per Miscellaneous 
of Part Per Part Per 100 Fractional 

Unit Power of Unit (Per Cent) Ea:pressions 
10 

1/1000 1 pp 103 0.001 0.1 % 1000 p/p/million 
2/10,000 2 pp 104 0.0002 0.02 200 p/p/million 
12/100,000 12 pp 106 0.00012 0.012 120 p/p/million 
1/10,000 1 pp 104 0.0001 0.01 100 p/p/million 
75/1,000,000 I 75 pp 108 0.000075 0.0076 76 p/p/million 
5/100,000 6 pp 1011 0.00005 0.005 50 p/p/million 
3/100,000 3 pp 1011 0.00003 0.003 30 p/p/million 
2/100,000 2 pp 1011 0.00002 0.002 20 p/p/mi11ion 
1/100,000 1 pp 1011 0.00001 0.001 10 p/p/million 
5/1,000,000 5 pp 106 0.000005 0.0005 5 p/p/million 
1/1,000,000 1 pp 106 0.000001 0.0001 1 p/p/million 
1/10,000,000 1 pp 101 0.0000001 0.00001 1 p/p/10 million 
1/100,000,000 1 pp 108 0.00000001 0.000001 1 p/p/100 million 
1/1,000,000,000 1 pp 1Q9 0.000000001 0.0000001 1 p/p/billion 
l/10,000,000,000 1 PP 1010 0.0000000001 0.00000001 1 p/p/10 billion 

Conversion Table for Commonly Encountered fractional Paris 
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a. 
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I 
f OF 

CRYSTAL C 

I 

!HD 

I 
__ __j_ 

I 

I 
-r-

~ 
0 

-o.oou. fn 

FREQUENCY 

In •NOMINAL FREQUENCY OF CRYSTAL(AS MARKED ON CRYSTAL UNIT) 
f• ACTUAL FREQUENCY MEASURED AT MIDPOINT(75°C) OF OPERAT

ING TEMPERATURE RANGE 
O•NOMINAL FREQUENCY TOLERANCE{:!:O.OOU, OF f,i)SPECIFIED AT 

MIDPOINT{75•C) OF OPERATING TEMPERATURE RANGE OF 
CRYSTALS .UND£R TEST. 

b• MAXIMUM FREQUENC't DEVIATION ALLOWE0{±0,0005'1, OF f) 
WITHIN OPERATING TEMPERATURE RANGE {+10"TOt80°C) 

RESULTS OF TESTS 

CR'tSTAL·A .REJE'CTED: NOMINAL FREQUENC't TOLERANCE NOT 
WITHIN t0,002'1,0F fn 

CRYSTAL-B REJECTED: FREQUENCY DEVIATION NOT WITHIN 
to.ooos.,. OF f 

Cf!YSTAL ·C ACCEPTED: NOMINAL FREQUENC't TOLERANCE AND 
FREQUENCY DEVIATION WITHIN SPECIFIED LIMITS 

Diagram illustrating distinction between nominal 
frequency tolerance and frequency deviation 

witli temperature of crystal units 
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change in temperature-frequency characteris-

tics of, 1-253 
characteristics of, 1-112 
frequency vs. drive, 1-260 
static capacitance of, 1-192 

Abbreviations (see Appendix V) 
AC cut, characteristics of, in thickness-shear 

mode, 1-111 
Acknowledgments (see Appendix I) 
Activity quality, 1-227, -228 

for parallel resonance, 1-230, -231 
for series resonance, 1-229 
in grounded-grid oscillator, 1-411 
in Meacham-bridge oscillator, 1-360 
,., as an index of, 1-235 
PI as an index of, 1-236, -237 
Q. as an index of, 1-232, -233 
Q,,n, as an index of, 1-234 

ADP crystals, physical characteristics of, 1-34, -35 
Aging of crystal units, 1-173, -174 

reduction of, 1-175-1-181 
cleanliness, 1-177 
etching, 1-176 
heat cycling, 1-179 
lapping, 1-175 
low' drive level, 1-181 
low relative humidity, 1-180 
mounting, 1-178 

Antiresonant frequency 
see also Parallel-resonant frequency 
of crystal unit, 1-208 
effects of changes in shunt capacitance on, 1-211, 

-212 
measurement of, 1-222, -223 
measurement of effective resistance at, 1-224 

Asymmetrical displaceinent of charge, 1-69 
Automatic gain control (see Pierce oscillator) 
Axes of quartz, 1-50--1-55 

asymmetrical displacement of charge, 1-70 
conventions, 1-87 
rotational symbols, 1-88 
X axis (.~ee X axis) 
Y axis, 1-53 
Z axis (ser Z axis) 
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I 

B element, characteristics of, 1-114 
Bandwidth and selectivity parameter, 1-227, -246 

the capacitance ratio, 1-247 
electromechanical coupling factor, 1-248 

BC cut, characteristics of, in thickness-shear mode, 
1-113 

Bias (see Pierce oscillator) 
Bibliography (see Appendix II) 
Bragg's law, 1-127 
BT cut, 1-23 

with B element, 1-114 
mounting for, 1-140 

Butler oscillator, 1-376, -377 
see also Cross Index of Crystal-Oscillator Sub

jects, Sect. I 
design procedures, 1-387 

frequency stability considerations, 1-380-
1-385 

frequency stability, 1-380-1-385 
effect of crystal, 1-386 

loop gain of, 1-378, -379 
modifications, 1-386-1-391 

C 

C element 
characteristics of, 1-115 
dielectric constant for, 1-193 

Calibration (see Crystal calibrators) 
Capacitance 

distributed, effect on crystal-unit parameters, 
1-188 

in Miller circuit, 1-332 
in Pierce circuit, 1-279-1-281, 1-290-1-292 
ratio, 1-247, -286 
series-arm 

computing value from measured parameters, 
1-225 

effect on parallel crystal circuit due to varia
tions in, 1-215 

equivalent, estimating, 1-197 
shunt 

effects of changes in, 1-211, -212 
measurement of, 1-219 

static 
of crystal, rule-of-thumb for estimating, 1-191 
total shunt, estimating, 1-201 
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Capacitance-bridge oscillators, 1-364 
see also Cross Index of Crystal Oscillator Sub-

jects, Sect. I 
basic circuits, 1-365-1-368 
compared with Miller oscillator, 1-366 
design model for, 1-369 
for greater power output in 50- to 80-mc range, 

1-372 
miniature, 50- to 120-mc, 1-371 
modifications, 1-315 
multitube, operable up to and above 200 me, 

1-374 
single-tube, 50- to 90-mc, 1-370 
two-tube, 50- to 100-mc, 1-373 

CI (crystal impedance) meter, 1-220, 2-60-2-65 
Colpitts oscillators, modified for crystal control, 

1-227, -436, -437 
see also Cross Index of Crystal-Oscillator Sub-

j ects, Sect. I 
Conductance (see Activity quality) 
Conoscope, use for determining optical axis, 1-124 
Control of radio frequency, 1-6, -7 
Cracks, in quartz crystals, 1-47, -175 
Crystal blanks 

cleaning, 1-177 
effect of twinning on, 1-178 
lapping, 1-175 
mounting of 

see also Crystal holders 
button mounts, 1-153 
cantilever clamp, 1-158, -159 
corner-clamped, air-gap mounting, 1-140, -141 
dielectric sandwich, 1-143----1-149 
edge-clamped mounts, 1-170 
gravity air-gap mounting, 1-138, -139 
gravity sandwich, 1-134, -135 
headed-wire support, 1-168, -169 
knife-edged clamp, 1-160, -161 
nodal-clamped, air-gap mounting, 1-142 
plated crystals, 1-154, -155 
plated-dielectric sandwich, 1-150-1-152 
pressure-pin mounting, 1-156, -157 
pressure sandwich, 1-136, -137 
to reduce aging, 1-178 
solder-cone wire support, 1-164-1-167 
wire mounting, 1-162, -163 

preparation of, 1-131 
Crvstal calibrators, 1-438, -439 

~mploying frequency regenerative divider, 1-440 
Crystal filters 

pass band of, 1-247 
quartz elements and cuts used as, 1-36, -38, -96, 

-97, 1-99-1-104, -107, -115 
Crystal holders 

see also Crystal blanks 

WADC TR 56-156 684 

Crystal holders- (Cont) 
see also Military specifications 
definition of, 1-132 
development of, 1-24 
Military Standard types, Sect. III 

Crystal oscillators 
see also Cross Index of Crystal-Oscillator Sub
see also Packaged crystal oscillators 

jects, Sect. I 
circuit analysis of (see Cross Index) 
design of (see Cross Index) 
functional characteristics of (see Cross Index) 
fundamentals (see Cross Index) 
phase rotation in vacuum-tube oscillators, 

1-268-1-273 
principles, 1-263, -264 
requirements of stable forced-free oscillations, 

1-265-1-267 
types, 1-274-1-276, 1-355, -356 

Butler (see Butler oscillator) 
capacitance-bridge (see Capacitance-bridge 

oscillator) 
Colpitts modified for crystal control, 1-436, 

-437 
crystal and magic-eye resonance indicator, 

1-354 
grounded-cathode two-stage feedback, 1-433--

1-435 
grounded-grid (see Grounded-grid oscillator) 
grounded-plate, 1-421, -422 
impedance-inverting, 1-426 

Miller, 1-432 
Pierce, 1-430, -431 
transitron, 1-429 

Meacham-bridge (see Meacham-bridge oscil
lator) 

Miller (see Miller oscillator) 
oscillators with crystals having two sets of 

electrodes, 1-351-1-353 
Pierce (see Pierce oscillator) 
transformer-coupled (see Transformer

coupled oscillator) 
transitron, 1-423-,-1-425 
two-tube parallel-resonant, 1-345-1-350 

Crystal ovens 
construction of typical small oven, 4-14 
Military Standard types, Sect. IV 
provisions for minimizing power requirements, 

4-11-4-13 
provisions for temperature control, 4-9, -10 
technical requirements, 4-8 
thermal analogues (see Thermal analogues of 

crystal-oven electrical parameters) 
thermostatic heater control (see Thermostats) 
types of, 4-7 

/ 



Crystal units 
see also Military specif.cations 
aging of (see Aging of crystal units) 
air-gap, equivalent circuit of, 1-185 
definition of, 1-132 
electrical parameters of (see Parameters of 

crystal units) 
equivalent circuit of, 1-182-1-184 
fabrication of (see Fabrication) 
housing of, 1-171, -172 

see also Crystal b1anks 
impedance curves of, 1-209 
methods of expressiug relative performance 

characteristics of (see Performance char
acteristics of crystal units) 

Military Standard types, Sect. II 
production of, 1-25 
typical operating characteristics of, 1-217 

Crystals 
ADP, 1-34, -35 
blanks (see Crystal blanks) 
DKT, 1-38, -39 
EDT (see EDT crystals) 
elements (see Quartz elements) 
physical characteristics of, 1-26--1-54 
plating of, 1-154, -155 
Q of (see Q) 
quartz (see Quartz crystals) 
raw quartz (see Raw quartz) 
Rochelle salt (see Rochelle salt crystals) 
tourmaline, 1-29-1-31 

Crystal and magic-eye resonance indicator, 1-354 
see also Cross Index of Crystal-Oscillator Sub

jects, Sect. I 
CT cut, 1-23 

in C element, 1-115 
Cuts, crystal (see Quartz crystals) 
Cutting quartz crystals 

direct wafering, 1-125 
preparation of crystal blanks, 1-131 
preparation of wafers, 1-130 
X block, 1-125, -128 
Z section Y bar, 1-125 

D 

D element 
characteristics of, 1-116 
dielectric constant for, 1-194 

Dielectric 
constant, formula for, 1-191 
material, 1-143 

Distributed capacitance (see Capacitance) 
Distributed inductance (see Inductance) 
Distributed resistance (see Resistance) 
DKT crystals, physical characteristics of, 1-38, -39 
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Drive level 
effect on crystal parameters, 1-256 
vs. frequency, 1-257-1-260 
in grounded-grid oscillator, 1-412 
in Meacham oscillator, 1-361 
vs. resistance, 1-261 

DT cut, 1-23 
in D element, 1-116 

Duplex crystals, 1-351 

E 

E element 
capacitance ratio of, 1-246 
characteristics of, 1-99 

EDT crystals 
physical characteristics of, 1-36, -37 

Index 

use in frequency-modulated oscillators, 1-247 
Effective resonance resistance (see Activity 

quality) 
Electrodes, types used in mounting crystal blanks, 

1-134-1-169 
Blectrostricture, definition of, 1-13 
Elements (see Quartz elements) 
Etching, 1-176 
ET cut, 1-23 

characteristics of, in combination mode, 1-117 

F 

F element, characteristics of, 1-102 
Fabrication 

of crystal holders 
covers, 3-8 
insulating, impregnating, and sealing com-

pounds, 3-10 
solder, 3-11 
solder flux, 3-9 
springs, 3-12 
threaded parts, 3-13 
workmanship, 3-14 

of crystal units 
aging of crystal units (see Aging of crystal 

units) 
bonding, 2-22 
crystal holders, 2-23 
cutting X block, 1-128 
electrical connections, 2-24, -27 
etching, 2-25 
glass seal inspection, 2-37 
housing of crystal units, 1-171, -172 
marking, 2-26 
methods of mounting crystal blanks in crystal 

holders (see Crystal blanks) 
mounting, 2-27 
preparation of crystal blanks, 1-131 
preparation of wafers, 1-130 
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Fabrication-( Cont) 
of crystal units-(Cont) 

sectioning the stone, 1-125 
solder, 2-28 
solder flux, 2-29 
workmanship, 2-30 

Figure of merit of crystal activity, 1-235 
Filters, crystal (see Crystal filters) 
5° X cut, 1-93, -98 

characteristics of 
in E element, 1-99 
in F element, 1-102 
in H element, 1-100 
in J element, 1-101 
in M element, 1-103 
in N element, 1-104 

Frequency 
deviation of Military Standard crystal units, 2-8 
vs. drive, 1-257-1-260 
vs. impedance characteristics, 1-202 
multiplication, 1-276 
parallel-resonant (see Parallel-resonant fre-

quency and Antiresonant frequency) 
vs. power, 1-260 
vs. quality factor (Q), 1-199 
range of Military Standard crystal units, 2-9 
range of normal modes, 1-85 
series-resonant (see Resonant frequency) 
vs. temperature, 1-254, -255 

Frequency stability 
in Butler oscillator, 1-380-1-386 
coefficient, 1-243 
in grounded-grid oscillator, 1-413 
in Meacham oscillator, 1-358, -359 
in Miller oscillator, 1~338 
of overall circuit, 1-245 
at parallel resonance, 1-243 
in Pierce oscillator, 1-287, -288 
at series resonance, 1-240-1-242 
at series resonance with external capacitance, 

1-244 
in transformer-coupled oscillator, 1-399, -400 

Frequency stabilization quality, 1-227, -238, -239 
sec also Frequency stability 

FT cut, 1-23 
characteristics of, in combination mode, 1-118 

G 
G element 

characteristics of, 1-119 
frequency deviation of, 1-259 

Grounded-cathode two-stage feedback oscillator, 
1-433, -434 

sec also Cross Index of Crystal-Oscillator Sub
jects, Sect. I 

modified two-stage feedback oscilJator, 1-435 
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Grounded-grid oscillators (single-tube Butler), 
1-406 

see also Cross Index of Crystal-Oscillator Sub-
jects, Sect. I 

activity of, 1-411 
analysis of, 1-407-1-409 
designs of, 1-414, -415 
drive level in, 1-412 
frequency stability of, 1-413 
loop gain in, 1-410 
modifications of, 1-416-1-420 

Grounded-plate oscillators, 1-421, -422 
see also Cross Index of Crystal-Oscillator Sub

jects, Sect. I 
GT cut, 1-23 

in G element, 1-119 
stability vs. drive, 1-259 
temperature coefficient of, 1-252 
use in Meacham-bridge oscillator, 1-357 

H 
H element, characteristics of, 1-100 
Harmonic mode crystals, 1-253 
Harmonics, 1-76, -255 

reduction of, 1-245 
Hartley oscillator, 1-328 
Holders, crystal (see Crystal holders) 

Impedance 
characteristics vs. frequency, 1-202 
curves of crystal unit, 1-209 

Impedance-inverting crystal oscillators, 1-426-
1-428 

see also Cross Index of Crystal-Oscillator Sub-
jects, Sect. I 

Miller oscillator, 1-432 
Pierce oscillator, 1-430, -431 
transitron oscillator, 1-429 

Imperfections in quartz crystals, 1-47-1-50 
Inclusions, 1-48 
Inductance 

distributed, effect on crystal-unit parameters, 
1-187 

series-arm 
computing value from measured parameters, 

1-225 
effect on parallel crystal circuit due to varia

tions in, 1-215 
estimating equivalent, 1-198 

Inspection 
of crystal holders 

glass seal, 3-17 
visual and mechanical, 3-30 

of crystal units 
glass seal, 2-37 
internal, 2-40 



Inspection-( Cont) 
of raw quartz 

determination of twinning, 1-129 
determination of X axis, 1-126, -127 
initial inspection, 1-121, -122 
inspection for optical axis and optical twin

ning, 1-123 
use of conoscope for exact determination of 

optic axis, 1-124 
Inspectoscope, 1-121-1-123 

J 
J element 

characteristics ot, 1-101 
dielectric constant for, 1-195 

L 

Lapping, 1-175 
Leakage resistance, t-f (see Resistance) 
Limiting of oscillation amplitude, 1-232, -585, -598 

see also Cross Index of Crystal-Ooscillator Sub
jects, Sect. I 

current- and voltage-controlled characteristics, 
1-590, -595 

frequency deviation due to, 1-596, -598 
negative-resistance limiting, 1-586, -589 

M 
M element, characteristics of, 1-103 
Manufacturers ( see Appendix III) 
Meacham bridge oscillator, 1-357 

see also Cross Index of Crystal-Oscillator Sub-
jects, Sect. I 

activity stability of, 1-360 
crystal drive level, 1-361 
design of, 1-362 
frequency stability of, 1-358, -359 
modifications of, 1-363 
thermistor in, 1-357, -360, -363 

Measurement of crystal parameters, 1-218 
computing series-arm C and L from the meas-

ured parameters, 1-225 
effective resistance, 1-224 
parallel-resonant frequency, 1-222, -223 
resonant frequency, 1-221 
series-arm resistance, 1-220 
shunt capacitance, 1-219 

Measuring frequency and effective-resistance of 
Military Standarri crystal units, 2-66, -151 

equipments required, 2-67, -123 
auxiliary amplifiers and frequency convert

ers, 2-110, -122 
amplifier, d-c, 2-121 
amplifier, r-f, 2-120 
frequency divider, 2-118 
harmonic generators, 2-111, 1-117 
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Measuring frequency and effective resistance of 
Military Standard crystal units-(Cont) 

equipments required-(Cont) 
auxiliary amplifiers and frequency convert

ers-(Cont) 
radio receiver, 2-110 
signal control panel, 2-122 
variable r-f oscillator, 2-119 

auxiliary test-control devices, 2-123 
indicating and recording instruments, 2-92, 

-109 
earphones,speaker,2-109 
effective-resistance recorder, 2-102 
frequency counter, or meter, 2-92, -95 
frequency-deviation meter, 2-96, -98 
frequency-deviation recorder, 2-99 
grid-current meter, 2-101 
oscilloscope, 2-100 
pyrometer, dummy-crystal-unit, 2-104 
Q meter, 2-107 
r-f bridge, 2-108 
thermometer, cold-box, 2-105 
voltmeter, electronic a-c, 2-103 

primary standards, 2-69, -81 
crystar test set, 2-78 
frequency, 2-73, -77 
load capacitor, 2-79 
resistors, 2-80 
temperature,2-81 
time, 2-73, -77 

reference standards, 2-82, -91 
crystal test set, 2-88 
frequency, a-f, 2-85, -87 
frequency, r-f, 2-82, -83 
load capacitor, 2-90 
resistors, 2-91 
temperature,2-89 
time, 2-92 

frequency-measuring systems, 2-124, -135 
double-heterodyne for vhf, 2-131 
frequency-reading counter, 2-129 
Government inspection 

room-temperature tests, 2-183 
temperature-run tests, 2-134 

heterodyne-frequency meter, 2-125, -128 
vfo-counter, 2-130 
WADC, 2-135 

procedure for correlating test equipment with 
standards, 2-136, -150 

correlation of 
calibrated resistors, 2-189 
cold-box thermometer, 2-147 
crystal test set, 2-140 
effective-resistance recorder, 2-144 
frequency-deviation meter and recorder, 

2-143 



Index 

Measuring frequency and effective resistance of 
Military Standard crystal units--(Cont) 

procedure for correlating test equipment with 
standards--( Cont) 

correlation of-(Cont) 
frequency standard, 2-141 
heater, 2-148 
interpolation oscillator, 2-142 
load-capacitance dial, 2-138 
pyrometer, 2-146 
recorders with temperature range, 2-149 
temperature-measurement controls (gen-

eral), 2-145 
vibration machine, 2-150 

procedure for making measurements and re
cordings, 2-151 

Military specifications 
of crystal holders 

authority, 3-3 
date of status, 2-4 
delivery requirements, 3-23, -24 
fabrication (see Fabrication) 
functional description, 3-5 
inspection (see Inspection) 
nomenclature, 3-6 
status, 2-54 
tests ( see Tests) 
USAF stock numbers, 3-29 

of crystal units 
authority, 2-2 
crystal holder, 2-3 
date of status, 2-4 
delivery requirements, 2-49, -50 
drive adjustment procedures, 2-6, 2-60-2-65 
fabrication (see Fabrication) 
frequency deviation of temperature, 2-8 
frequency range, 2-9 
frequency range abbreviations, 2-10 
functional description, 2-11 
harmonic of quartz vibration, 2-12 
inspection (see Inspection) 
maximum effective resonance resistance, 2-14 
method of measuring frequency and resonance 

resistance, 2-15 
nomenclature of crystal units, 2-17 
nominal frequency tolerance, 2-18 
operable temperature range, 2-19 
operating temperature range, 2-20 
pin-to-pin capacitance, 2-13 
second test level of drive, 2-51 
standard, 2-53 
status, 2-54 
test level of drive, 2-55 
test load capacitance, 2-56 
test set (see Crystal Impedance meter) 
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Military specifications--( Cont) 
of crystal units--(Cont) 

tests ( see Tests) 
USAF stock number 2-59 

Military Standard 
crystal holders (see Crystal holders) 
crystal ovens (see Crystal ovens) 
crystal units (see Crystal units) 

Miller oscillator 
see also Cross Index of Crystal-Oscillator Sub-

jects, Sect. I 
see also Pierce oscillator 
compared with capacitance-bridge oscillator, 

1-366 
design considerations, 1-330 
equation of state, 1-331 
frequency stability equations, 1-338 
load capacitance of crystal unit, 1-332 
maximum Rp, 1-333 
modifications, 1-344 
operating conditions, 1-337 
optimum value of K EP/E", 1-334-1-336 
as a small power oscillator, 1-339 
typical characteristics of, 1-340-1-343 

Miniature capacitance-bridge oscillators 
see Capacitance-bridge oscillators 
see also Cross Index of Crystal-Oscillator Sub

jects, Sect. I 
Modes of vibration; 1-75-1-86, -90 

face-shear, 1-82 
frequency of, 1-78 
frequency range of, 1-85, -86, -90 
length- (or width-) extensional, 1-79 
length-width-flexural, 1-83 
length-thickness-flexural, 1-84 
thickness-extensional, 1-80 
thickness-shear, 1-81 

Motional arm (see Series arm) 
Mounting crystal blanks 

see Crystal blanks 
see also Crystal holders 

MT cut, 1-23 
in M element, 1-103 

Multi-tube capacitance-bridge oscillators 
see Capacitance-bridge oscillators 
see also Cross Index of Crystal-Oscillator Sub

jects, Sect. I 
Multivibrator circuit, 1-345 

N 

N element 
characteristics of, 1-104 
dielectric constant for, 1-196 

Nodes, 1-75 



NT cut, 1-23 
in N element, 1-104 

0 
Oriascope, 1-126 
Orientation of crystal cuts 

right-handed coordinate system, 1-87 
rotation symbols, 1-88, -90 
X-ray determination of, 1-127 

Oscillations, stable iorced-free, 1-265-1-267 
Oscillators, crystal (see Crystal oscillators) 
Oscillators with crystals having two sets of elec-

trodes, 1-351-1-353 
see also Cross Index of Crystal-Oscillator Sub

jects, Sect. I 
Ovens, crystal (see Crystal ovens) 

p 

Packaged crystal oscillators, 1-560, -584 
problems of standardization, 1-573, -584 
transistor 

Sulzer miniature frequency standard, 1-570 
commercially available temperature

controlled units, 1-571, -572 
vacuum-tube (Graen series) 1-562, -568 

Parallel crystal circuit 
effect of variations in resistance, 1-214 
effect of variations in series-arm C or L, 1-215 

Parallel-resonant frequency 
see also Antiresonant frequency 
see also Parallel crystal circuit 
activity quality for, 1-230, -231 
of crystal circuit, 1-210 
frequency stability at, 1-243 
minimum value of Af., 1-216 
stabilizing effect of crystal on, 1-213 

Parameter stability, 1-227 
effect of drive level on, 1-256 
effect of spurious modes on, 1-254, -255 
effect of temperature on, 1-252, -253 
frequency vs. drive, 1-257-1-260 
resistance vs. drive, 1-261 

Parameters of crystal units, 1-182-1-262 
antiresonant frequency, 1-208 
bandwidth and selectivity, 1-246 
computing series-arm C and L from the meas-

ured parameters, 1-225 
effect of distributed capacitance on, 1-188 
effect of distributed inductance on, 1-187 
effect of r-f leakage resistance on, 1-186 
effect of distributed resistance on, 1-189 
equivalent circuit of crystal unit, 1-182-1-184 
impedance characteristics vs. frequency, 1-202 

-1-2C5 
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Parameters of crystal units-(Cont) 
measurement of (see Measurement of crystal 

parameters) 
methods of expressing relative performance 

characteristics (see Performance charac
teristics) 

parallel-resonant frequency of crystal circuit 
(see Parallel-resonant frequency) 

resonant frequency, 1-205-1-207 
rule-of-thumb equations for estimating, 1-190-

1-201 
simplified equivalent circuit of air-gap crystal 

unit, 1-185 
typical operating characteristics, 1-217 

Performance characteristics of crystal units, 1-226 
activity quality (see Activity quality) 
bandwidth (see Bandwidth and selectivity para

meter) 
frequency stabilization quality ( see Frequency 

stabilization quality) 
parameter stability ( see Parameter stability) 
quality factor (see Q) 

Performance index (PI), 1-236, -237 
Phase 

relation, 1-269 
rotation, 1-268 
-stabilized Pierce circuit, 1-283 

Pierce oscillator 
see also Cross Index of Crystal-Oscillator Sub

jects, Sect. I 
AGC, 1-308 
analysis of load capacitance, 1-278-1-285, 

1-317-1-327 
bias voltage, 1-293 
capacitance ratio for greater output, 1-286 
capacitive elements in design, 1-290-1-292 
choosing a vacuum tube for, 1-311-1-315 
design considerations, 1-316--1-318 
energy and frequency equations as complex 

functions of linear parameters, 1-289 
fixed bias, 1-294, -295 
frequency variation and stability, 1-287, -288 
gridleak bias, 1-296--1-307 
modifications of, 1-319-1-323 
plate-supply circuit, 1-309, -310 

Piezoelectric devices 
development of, 1-14--1-25 
early applications, 1-17-1-25 
transducers, 1-17 

Piezoelectric effect 
definition and history of, 1-8-1-13 
report on discovery of, 1-56--1-68 

Piezoelectricity, theory of (see Theory of piezo
electricity) 

Plate resistance (see Resistance) 



Index 

Plating, method of 
electroplating, 1-154, -155 
spraying and baking, 1-154, -155 
sputtering, 1-154, -155 

Pyroelectricity, defined, 1-29, -57 

Q 

Q ( quality factor) 
of EDT crystals, 1-37 
effect of r-f leakage resistance on, 1-186 
vs.frequency, 1-199 
maximum effective (Q.m), 1-234 
as a performance characteristic, 1-227, -249, -250 
of recommended crystal units in metal or glass 

holders, 1-186 
Q meter, 1-292 
Quartz crystals 

atomic lattice, 1-69 
axes of, 1-51-1-55 
early applications of, 1-20-1-23 
elements (see Quartz elements} 
imperfections in, 1-44-1-50 
modes of vibration (see Modes of vibration) 
orientation of cuts (see Orientation of crystal 

cuts) 
raw (see Raw quartz) 
types of cuts, 1-91-1-119 

Quartz elements, 1-99-1-119 
characteristics of (see specific element) 
table of, 1-90 

R 

Raw quartz 
alpha and beta, 1-40 
axes of, 1-51-1-55 
imperfections in, 1-44-1-50 
preparation of, for fabrication of crystal units 

(see Fabrication and Inspection) 
physical characteristics of, 1-40-1-43 

Resistance 
distributed, effect of, on crystal-unit parameters, 

1-189 
vs. drive, 1-261 
effect on parallel crystal circuit due to varia-

tions in, 1-214 
equivalent series-arm, estimating, 1-199 
grid, in Pierce oscillator, 1-298 
gridleak, in Pierce oscillator, 1-297, 1-299-1..a07 
plate, in Miller circuit, 1-333 
plate, in Pierce circuit, 1-282, -284, -285 
r-f leakage, effect on crystal-unit parameters, 

1-186 
series-arm, measurement of, 1-220 
thermal (see Thermal analogues of electrical 

parameters) 
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Resonant frequency 
activity quality for, 1-229 
of crystal unit, 1-20.5-1-207 
frwuency stability at, 1-240-1-242 

with external capacitance, 1-244 
measurement of, 1-221 

Rochelle salt crystals 
development of devices, 1-17 
physical characteristics of, 1-32, -33 
as transducers, 1-32 

RTMA Standards Committee on Quartz Crystals 
recommended electrode areas, 1-192 

s 
Sectioning (see Cutting quartz crystals) 
Selectivity (see Bandwidth and selectivity para

meters) 
Series-arm 

capacitance (see Capacitance) 
definition of, 1-182 
inductance (see Inductance) 
resistance (see Resistance) 

Series resonance (see Resonant frequency) 
Single-tube capacitance-bridge oscillators 

see Capacitance-bridge oscillators 
see also Cross Index of Crystal-Oscillator Sub

ject, Sect. I 
Solder, used with solder-cone wire support, 1-167 
Spurious modes, effect on crystal parameters, 

1-254, -255 
Symbols 

definition of, Appendix V 
element, 1-89 
rotation, 1-88, -90 

Synthesizing circuits, 1-441-1-448 
Synthesizing systems, 1-441-1-538 

attenuation of unwanted products in, 1-525-
1-529 

balanced modulator in frequency synthesis, 
1-526, -527 

selection of heterodyne input frequencies, 
1-528, -529 

Bendix synthesizing system, l-455-1-507 
Radio Set AN/ ARC-33, 1-463-1-507 

Collins synthesizing system, 1-508-1-524 
Radio Receiver R-252A/ ARN-14, 1-509-

1-511 
Radio Receiver R-278/GR, 1-512-1-516 
Radio Set AN/ARC-27, 1-517-1-529 

crystal-phase-controlled harmonic multipliers, 
1-530-1-538 

Hahne) spectrum generator, 1-536--1-538 
Plessey synthesizing system, 1-442-1-454 

advantages in r-f measurements, 1-443, -444 
circuit design, 1-450-1-454 
functional operation, 1-445-1-449 
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T 

Temperature 
coefficient of 

ADP, 1-34 
DKT, 1-38 
EDT, i-36 
quartz, 1-40 
Rochelle salt, 1-32 
tourmaline, 1-30 

effect on crystal parameters, 1-252, -253 
thermistor, 1-357 

Tests 
of crystal holders 

corrosion, 3-16 
immersion, 3-18 
inspection (see Inspection) 
leakage, 3-19 
pin alinement, 3-20 
standard conditions, 3-15 
tensile strength, 3-21 
thermal shock, 3-22 

of crystal units 
aging, 2-32 
corrosion, 2-33 
drop, 2-34 
frequency and effective resistance, 2-35, -36 
immersion, 2-38 · 
inspection (see Inspection) 
insulation resistance, 2-39 
moisture resistance, 2-41 
pin alinement, 2-42 
plating adherence, 2-43 
requirements and procedures, 2-21 
seal, 2-44 
spurious frequency, 2-45 
standard conditions, 2-31 
tensile strength, 2-46 
terminal polarity, 2-47 
vibration, 2-48 

Theory of piezoelectricity, 1-56-1-74 
see also Piezoelectric effect 
see also Modes of vibration 
asymmetrical displacement of charge, 1-69-

1-74 
Thermal analogues of crystal-oven electrical para-

meters, 4-30 
absorptivity and emissivity, 4-37 
conductivity, 4-32 
current, 4-31 
emissivity of various substances, 4-39 
equivalent "electrical circuit of crystal ovens," 

4-44-4-72 
equivalent thermal radiation resistance, 4-41, 

-42 
heat capacity, 4-43 
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Index 

Thermal analogues of crystal-oven electrical para-
meters-( Cont) 

Ohm's law, 4-34 
pin-to-pin electrical capacitance, 4-73 
radiancy, 4-36 
radiant heat flow, 4-40 
resistance, 4-33 
Stefan-Boltzmann constant, 4-38 
Stefan-Boltzmann law, 4-35 

Thermistor, in Meacham-bridge oscillator, 1-357:, 
-360, -363 

Thermostats 
bimetallic, 4-18-4-24 
mercury, 4-25, -26 
methods of heater control, 4-15-4-17 
monitoring, 4-29 
thermistor-bridge, 4-27, -28 

Tourmaline crystals, physical characteristics of, 
1-29-1-31 

Transducers 
electromechanical coupling factor of, 1-248 
use of piezoelectric crystal as, 1-17 

Transformer-coupled oscillators, 1-392 
see also Cross Index of Crystal-Oscillator Sub-

jects, Sect. I 
broad-band considerations in, 1-398 
design procedure for, 1-401-1-404 
frequency stability of, 1-399, -400 
gain requirements of, 1-395 
lead-to-crystal power ratio in, 1-397 
modifications of, 1-405 • 
phase considerations of, 1-393, -394 
Q degradation in, 1-396 

Transistor oscillators, 1-539-1-559 
see also Cross Index of Crystal Oscillator Sub

jects, Sect. I 
crystal-feedback types, 1-539-1-543 

junction transistor, 1-1542, -543 
point-contact transistor, 1-539-1-541 

h-f types, 1-544 
high-impedance types, 1-550-1-551 
negative-resistance types, 1-545-1-549 
stabilized design, 1-555-1-559 

amplitude and harmonic stabilization, 1-558, 
-559 

frequency stabilization, 1-555-1-557 
transformer-coupled types, 1-552-1-554 

Transitron crystal oscillators, 1-423-1-425 
see also Cross Index of Crystal-Oscillator Sub

jects, Sect. I 
Tri-tet oscillator, 1-322 

see also Cross Index of Crystal-Oscillator Sub
j ects, Sect. I 

Twinning, 1-49, -50 
determination of, 1-129 



Index 

Twinning- (Cont) 
effects on electrical characteristics of crystal 

element, 1-178 
inspection of raw quartz for, 1-123 

Two-tube capacitance-bridge oscillators 
ser Capacitance-bridge oscillators 
see also Cross Index of Crystal-Oscillator Sub

j ect, Sect. I 
Two-tube parallel-resonant crystal oscillators, 

1-345-1-~50 
see also Cross Index of Crystal-Oscillator Sub

jects, Sect. I 

u 

Units, crystal (see Crystal units) 

V 

Vacuum-tube oscillators 
see Crystal oscillators 
see also Cross Index of Crystal-Oscillator Sub

jects, Sect. I 
V cut, 1-93, -95 

characteristics in thickness-shear mode, 1-106 
characteristics in face-shear mode, 1-107 

Vibration (see Modes of vibration) 

w 
Wafers, preparation of, 1-130 
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X 
X axis (electrical) 

see also Axes of quartz 
characteristics of, 1-54, -56 
determination of 1-126, -127 

X cut, 1-93 
see also Cutting quartz crystals 
characteristics of, 

in length-extensional mode, 1-96 
in thickness-extensional mode, 1-95 
in width-extensional mode, 1-97 

y 

Y axis (mechanical), characteristics of, 1-53 
see also Axes of quartz 

Y cut, 1-108, -109 
see also Cutting quartz crystals 
characteristics in thickness-shear mode, 1-110 

YTcut, 1-89 
see also Cutting quartz crystals 

z 
Z axis ( optical) 

see also Axes of quartz 
characteristics of, 1-52 
inspection for, 1-123 
use of conoscope for exact determination of, 

1-124 
Z cut, 1-92 

see also Cutting quartz crystals 


