





NOTICE

This 18 your copy of the latest edition of "Handbook of Piezo Electric
Crystals 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 effectively 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 ﬁay not be procurable when production quantities
are most needed. Your support and cooperation is appreciated.

Sincerely yours

B R peurss

OHN 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.
Included 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 ot piezoelectric oscillator cir-
cuits 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
crystal 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.

PUBLICATION REVIEW

This report has been reviewed and is approved.

FOR THE COMMANDER:

B. CLpagaas

OHN B. RIPPERE

Colonel, USAF

Chief, Comm & Nav Laboratory
Directorate of Development
Wright Air Development Center
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SECTION |—GENERAL INFORMATION

INTRODUCTION

PURPOSE AND SCOPE OF MANUAL

1-1. The purpose of this manual is to provide the
design and developmenta! 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 controi of radio
frequencies.
1-2. This manual is composed of the following
sections:
1. GENERAL INFORMATION

II. CRYSTAL UNITS

III. CRYSTAL HOIL.DERS

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 1I, 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 piezoelectric 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 station. 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 Haiiy, 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 Haiiy 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 deformations 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 be 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 PIEZOELECTRIC DEVICES

1-14. From the time of its discovery until World
War 1, 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 Lehrbuch
der Kristallphysik, 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 1
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 may
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 oscilla-
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 1934, 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 eftect 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.
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Figure 1-2. Commercially used piezoelectric crystals other than quartz

-WADC TR 56-156 6



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.

Tourmaline

1-29. Tourmaline is a semiprecious stone which at
one time was called 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 than 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.

Rochelle Sait

1-32. Rochelle salt (NaKC,H,0,—4H,0) 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 Il as a substitute for Rochelle salt in under-
water sound transducers. Like Rochelle salt, ADP
crystals can be grown 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

1-36. EDT (C¢H,,N.,O;), 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 114 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 minimmum of temperature
control might be needed for quartz, EDT will
require fairly accurate control. Because of these
disadvantages, EDT does not threaten at this time
" to replace quartz in high-frequency 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,0,-14H,0), 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 Quartz ‘

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 1750°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 States. 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









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 Aaxis

1-52. The Z axis 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 rrystal (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 lines
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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 optéc 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.

-x

VIEW ALONG Z AXIS

Figure 1-6. XY plane of quartz showing three sets
of rectangular axes: X,Y,Z, X,Y,Z, X,Y,Z (Z axis is
perpendicular 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 lires of the m 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 contradistinction 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 Auxis

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 Announcing 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 come 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 Charge

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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COMPRESSIONAL
° STRAIN

Figure 1-7. Eflective polarities resulting from sudden
displacements of the centers of charge of a neutral-
ized dipole. (If after displacement, the crystal were
maintained indefinitely 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—compressional, 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 ccnform 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

& | D
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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
distribution 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-axial 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

(A) (8)

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. (B) 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. (Notz 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, are applied across the respective axes)*
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more complex striicture than was once suspected.
See figure 1-10. Nevertheless, the early crystal
model, as postulated 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 1-11A 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 illustrated in figure 1-11B. 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 4+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 1-11A) 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 crystal 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 commercialiy.

1-77. A variation of the shear vibration is the
torsional mode, which is readily excited in cylin-
drical crystals; however, except for laboratory

(a)

tp)

(8)

Figure 1-12. Usefui fundamental modes of quartz
plates. (A) Flexural. (B) Extensional or longitudinal.
(C) Face (or length-width) shear. (D) Thickness shear.*
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measurements of the properties of solids and
liquids this mode is not in general use.

Frequency of Quartz Vibratiouns

1-78. The frequencies of the normal mechanical
oscillations of a quartz plate may he 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:

178 (1)

>l<

where: v

= velocity of propagation
A=

wavelength

The fundamental equation of the velocity of propa-
gation is:

=< 1—78 (2)

where: ¢ = stiffness factor in the direction of propa-
gation

p = density
1
or: v=_[— 178 (8)
ps
where: s = % = elastic compliance factor in the di-

rection of propagation

Length- (or Width-) Extensionel 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:

1—79 (1)
where 1 is the length and n is an integer (1, 2, 3,

etc.) equal to the harmonic. Thus, the frequency
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of a length-extensional mode is:

nv

f= o 1—179 (2)
or, as expressed in terms of a frequency constant:

f= %‘_‘ 1—79 (3)
where: k, = % = 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 firat 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/l (width/length)
ratio. Equation (8) also applies to width-exten- -
sional modes except that | 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:

180 (1)

where v is the velocity of propagation in the thick-
ness direction, n is the harmonic (n = 1, 8, 5,—for
practical cases, although even harmonics of very
small intensities have been observed), and k, is
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Length-Width-Flexural Mode

1-83. 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:

{ = Kow 1—83 (1)

The convenience of a common frequency constant
for all practicable harmonics is not realized in the
case of length-width flexures, where the “constant”
k, is a function not only of the particular harmonic,
but also of 1 and w. However, for long, thin rods
(%’l less than 0.1, where n is the harmonic) k; 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
mode, 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:

=)

Frequency 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 frequen-
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1-84 (1)

cies, however, so many interlocking 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
fabrication 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 ke
Extensional Mode—

Length : 40 to 850 ke

Thickness : 500 to 15,000 ke
Shear Mode—

Face: 100 to 1800 ke

Thickness (fundamental) : 500 to 20,000 ke

Thickness (overtones) : 15,000 to 125,000 kc

ORIENTATION OF CRYSTAL CUTS

Right-Handed Coordinate System

1-87. With the positive sense of the quartz X, Y,
and Z axes determined as in paragraphs 1-562, 1-63,
and 1-b4, the positive sense of rotation about the
axes is fixed by the conventions of 8 right-handed
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POSITIVE DIRECTIONS OF ROTATION ANGLES
CORRESPOND TO ROTATION OF RIGHT-HAND
SCREW WHEN THE SCREW ADVANCES
TOWARDS THE POSITIVE END OF THE
AXIS OF ROTATION,
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|
Figure 1-14. Positive directions of angles of rotation

according to conventions of right-handed
coordinate system



coordinate system for both right and left 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
+4+X to +Y, +Y to +Z, and 4Z to 4X. The axial
and rotational conventions permit a particular cut
of crystal to have the same rotation symbol for
both right and left quartz.

Rotation 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 lying 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, ¥X, yz, zx, and zy. The xy and yx
positions are shown in figures 1-15 and 1-16, re-
spectively. The starting position is 80 chosen that
the final orientation may be reached with a mini-
mum number of rotations. These rotations are
taken successively abouit axes that parallel the

Z

x

Figure 1-15 xy initial position for designating
orientation of crystal cut
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dimensions of the crysta'.l 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, ], and w, for thickness,
length, and width, respectively. The Greek letters
¢, 6, and y designate the first, second, and third
angles of rotation, respectively. The following ex-
ample, illustrated in figure 1-17, is a complete geo-
metrical specification of a crystal plate:

yztwl 30°/15°/256°

t = 0.80 = 0.01 mm
1 = 40.0 = 0.1 mm
w = 9.00 = 0.03 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

4
3

Figure 1-16 yx initial position for designating
orientation of crystal cut
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Figure 1-17 Orientation of crystal having the rotational specifications yztwl: 30°/15°/25°

plates; in specifying the dimensions, however, 1 the mode of vibration. For convenience, each “cut- -’
.and w are replaced by the diameter.

mode” combination is considered a separate “pie-
zoelectric element,” and the more commonly used

PIEZOELECTRIC ELEMENTS elements have been assigned a letter symbol. For -
1-89. The performance characteristics of a crystal example, the thickness-shear mode of the AT cut

plate are dependent on both the particular cut and is designated as element A.

STANDARD QUARTZ ELEMENTS

1-90. The principal quartz elements are given be- symbols listed first.
low, with those which have been assigned element

Somart | Nepeof | RowtonSymbtond | poseos viration | resent
A AT yx] 85°21’ or yzw 385°21’ thickness-shear . 500 to 125,000
B BTor YT* | yxl —49°8’ or yzw —49°8’ thickness-shear 1,000 to 76,000
C CT yx] 37°40’ or yzw 37°40/ face-shear 300 to 1,100
D DT yxi —52°30’ or yzw —52°30’ face-shear ' 60 to 600
E 45°X xyt 5° length-extensional 50 to 500

* The YT cut, which is essentially the same as the BT cut, was developed independently by Yoda in Japan.
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Temnt | Momaol | RoationSymbnlond | yposeof Vioration | rreninet

F —18.6°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 0.4to 10
(left quartz)

M MT xytl 0° to 8.5°/+34° to +£50° | length-extensional 50 to 600

N NT xytl 0° to 8.5°/+38° to *=70° | length-width flexure 4t0 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

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

_— A% 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: in 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.

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

Z AxIS
3
X CuT \
/ Vad Y CUt
7 »/ D
4 .,
. P
e 7 ° - Y AXIS
[
. cur/
X AXIS

Figure 1-18 Orientation of X, Y, and Z cut plates
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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 edzes—not a convenient
location. Nor have other cuts, more or less simply
oriented relative 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
quality, even though not practical for general use.

The 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 360
MT 50 to 100
NT 4to 50
v 60 to 20,000

z

:

v
Z
talx cut

(B)S*XCUT

Figure 1-19 shows the orientations of an xy initial
position (X cut with the length parallel to the Y
axis) for the various cv®s.

2

(C)-18°x cuT

8.5°

IST ROTATION

34°T0 50°

/.

(D)MT cut

N

P

N\

2ND0 ROTATION

Figure 1-19. The X group. (The second rotations of the MT, NT, and V cuts are shown only for the positive angles) *
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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 = B%t—‘ (n=1,3,5,...)

Frequency Constant: k, = 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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FREQUENCY CONSTANT IN KILOCYCLE-CENTIMETERS
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Figure 1-20. Frequency constant for length-exten-
sional mode (curve A) of X-cut crystal where the
width and length are parallel to the Z and Y axes,
respectively. Curve B is the frequency constant of a
face-shear mode coupled to a second flexural mode,
whose interference mukes the crystal vseless for w/l
ratios between 0.2 and 0.3, unless the thickness
approaches the dimensions of the width *

normal vibration prevent this element from
being preferred for oscillator control. An
electromechanical coupling factor of 0.095,
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 kec.

Frequency Equation: f = P]L‘ (n=123,...)

Frequency Constant: Varies with w/] ratio—see
figure 1-20.

Temperature Coefficient: Negative**, varies with
w/] ratio—see figure 1-21; zero coefficient if
w/l = 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 Joad.

** All quartz bars have negative temperature coefficients

for pure length-extensional vibrations, although a zero
coeflicient is obtainable for certain cuts.
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THE 5° X CUTS

1-98. The 5°X cut is the orientation that provides
a zero temperature 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/l 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/] ratio increases, so also does the temperature
coefficient. For these reasons the 5°X elements are
especially advantageous only when the w/I 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 = ok, (n=1213...)

Frequency Constant: Varies with w/l ratio (see
figure 1-24). 4

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

-80,— r

| /
\ /
f

)
~
o

-60

-40]

TEMPERATURE COEFFICIENT IN PARTS
PER MILLION PER DEGREE CENTIGRADE

|
|
NEEREY
-30 PR S—— +— ]
ol NS
RENA /
~40 -30 -20 -0 o 0 20 3 40 80

ANGLE OF ROTATION AROUND THE X AXIS

Figure 1-23. Temperature coefficient for length-ex-
tensional mode of long, thin X-group bars versus
angle of rotation *
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Figure 1-24. Frequency constant versus w/l ratio
for element E *

frequency deviation of representative E ele-
ments of different w/1 ratios is 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.

Advantages: 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
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Figure 1-25. Temperature coefficient versus w/l ratio
for element E at temperatures between 45° and 55°C *
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Figure 1-26. Percentcge frequency deviation for E
elements of various w/l ratios. Initial
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weak coupling to cther 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/] 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/Il 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.

6000
3
e 56
e S2 — g

.8 —
z - ELEMENT
‘n e o

4000 T

A 2 . 3
w/l —-

Figure 1-27. Frequency constant versus w/l ratio
for element H
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Figure 1-28. Temperature coefficient versus w/l ratio
for element H *

Frequency Equation: f = nk,w/I3 (n=1, 2, 3,
)

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

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

Methods of Mounting: Wire, in vacuum ; free-free
flexures of long, thin bars have nodal points
for the fundamental vibration at a distance
of 0.224 x ] 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-all 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.

| I, 1
X

m——grom=ssssssse - =

Figure 1-29. Element H, showing division of electrode

plating for exciting fundamental mode. Similarly

divided electrodes are on reverse side. The nodal

“ears,” where the mounting wires are attached, are

at a distance of approximately 0.224 times the length
from the ends *






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/I 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 = nke¢t/I* (n =1, 2, 3,
)

Frequency Constant: Varies with t/] 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 1 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: —185°X cut; xyt:
—18.5°; length-extensional mode.
Frequency Range 60 to 300 kc.
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Frequency Equation: f = ’—li& (n=123,...)

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

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

Methods of Mounting: Wire, kmfe-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 45°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 = le_ (n=1,2,3,...)

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

Temperature Coefficient: Varies with w/l 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, kmfe-edge clamp,
pressure pins, cantilever clamp; more than
one pair of electrodes required for overtones.

Advantages: The MT crystals were déveloped in
an effort to overcome the large negative tem-
perature coefficients of the X-cut and the 6°X-
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cut length-extensional modes for the larger
w/I] ratios. See figures 1-21 and 1-26. 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 crystal 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 osciilator 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/l 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/l 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/l 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 little, 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 ke. -

Frequency Equation: f = n];:w n=1,238,...)

Frequency Constant: Varies with w/] 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°C. Note that a zero temperature coeffi-
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cient occurs at approximately 10°C. To pro-
duce a zero temperature coefficient at 25°C
for w/] ratios of 0.05, the angles of rotation
should be as shown in figure 1-38.

Methods of Mounting: Wire, in vacuum; special
characteristics are the same as for the H ele-
ment. See paragraph 1-100.
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Figure 1-35. Frequency-temperature charac-
teristics of element M *
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smaller w/l ratio is typical of 16-kc elements

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. As 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/I ratios, as in the case of the
M element. Where wide temperature ranges
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Figure 1-38, Angles of rotation for N ele-
ment with a w/l ratio of 0.05 which will
provide zero temperature coefficient .

at 25°C *

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 +0.0026% over a normal
room-temperature range without temperature
control.

Disadvantages: The electromechanical coupling is

rather weak, more so for the larger than for
the smaller w/1 ratio. As a consequence, the
bandwidth is too narrow for the element to
be used as a band-pass filter of communica-
tion channels, and the piezoelectric activity is
80 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 actualily an entire series
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 6
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 ¢ plotted against
¢.are shown in figures 1-40 to 1-41 for small posi-
tive and negative temperature coefficients, as well
as for a zero temperature coefficient. Other ¢ 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 ¢ = 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 ¢ = 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; xzlw or xywl: 15°
to 29°/—14° to —54° and 18° to 29°/27° to
42° (see temperature coefficient curves in fig-
ure 1-40 for exact ¢ and ¢ combinations) ;
thickness-shear mode.

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

Frequency Equation: f = 1—({3 (fundamental vibra-

tion when t << 1 and w). Figure 1-39 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 k, (-6), applies to positive angles
of 6, the second rotation, whereas the lower
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curve, designated k, (—6), applies to nega-
tive angles of 4.

Temperature Coefficient: Figure 1-40 shows the
combinations of ¢ with positive values of ¢
that provide temperature coefficients of 415,
0, and —15 parts per million per degree centi-
grade, and those combinations of ¢ with nega-
tive values of 4 that provide temperature
coefficients of 45, 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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mode of V cut, which provide temperature coefficients
of 0, +5, and —35 parts, per million per
degree centigrade

the directions at which rough bars would
normally be cut. Also, the angles for amall
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 minirnum deviations in the
temperature coefficieit when ¢ = 0° to 15°,
and 6 is negative. On the other hand, maxi-
mum piezoelectric activity is obtained when
¢ is large, and 4 is positive. As a general rule,

the positive values of § are used for the higher

frequencies and the negative values of ¢ for
the lower frequencies. The zero-temperature
cuts for ¢ — 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
anglés of ¢ 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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The Y Group

1-108. The principal crystals of the Y group are
listed below with the frequency range for whlch
they have found commercial application:

Name of Cut Frequency Range in KC

Y 1000 to 20,000
AC 1000 to 15,000
AT 500 to 100,000
BC 1000 to 20,000
BT 1000 to 175,000
CT 300to 1100
DT 60 to 500
ET 600to 1800
FT 150to 1500
GT 100 to 560

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
i8 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 ceoefficient are shown in figures
1-45 and 1-46, respectively, plotted as functions of
the angles of rotation.

THE Y 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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Figure 1-42, Rotation ongles of Y cut about X axis which provide the principal members of the Y group. The
GT cut is the only member having a second rotation (=45° about the Y’ axis). The +X sign indicates that
the positive end of the X axis points toward the observer

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 or yz; thick-
ness-shear mode.
Frequency Range: 500 to 20,000 kc; much lower
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frequencies when bonded to solids for use as

transducer.

Frequency Equation: f = ]-t(—’ (fundamental vibra-
tion).

Frequency Constant: k, — 1981 ke-mm (average
value).

Temperature Coefficient: Varies with dimensions
of crystal and with temperature but is usually
between 76 and 126 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 larger than that of any other

FREQUENCY

TEMPERATURE

Figure 1-47. Yemperature-frequency characteristics
typical of the Y-cut, thickness-shear element. The
frequency jumps are most apt to occur when small
discrepancies are present in the thickness-dimension
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Figure 1-46. Temperature coefficient versus angle of
rotation about X axis for face-shear elements of
the Y group

quartz element; this large ratio, combined
with the quartz crystal’s superior strength,
makes the Y cut desirable as a generator of
shear vibrations 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 as a sensitive detector of variations in
temperature.

Disadvantages: 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 as 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, these crystals have little
practical use.

AN
N

x X

Figure 1-48. Y-cut block and doughnut-shaped crys-
tals which can provide zero temperature coefficients
for certain combination modes
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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 = -l-(ti (fundamental vibra-

tion when t << 1 and w).

Frequency Constant: k, = 1666 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.

Disadvantages: The principal disadvantages of
the AC cut is its relatively large temperature
coefficient; because of this 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 Element: AT cut; yxl: 85°21’;
length-thickness-shear modes; or, yzw: 35°
21’; width-thickness-shear mode.

Frequency Range: 500 to 1000 ke (special cuts) ;
1000 to 15,000 kc (fundamental vibration) ;
10,000 to 100,000 kc (overtone modes).

Frequency Equation:

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

) n’ — 12
f=hJ%+axF+arQT)'

where m, n, and p are integers.

Frequency Constant: k, = 1660 ke-mm.

Temperature Coefficient: 0.0 at 256°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
¢ = 36°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:

Deg. C ¢

20 35°18’
20 36°27’ (overtones)
75 35°31’ :
75 35°88’ (overtones)
85 85°88’
86 85°86’ (overtones)

100 35°36’

190 (max.) 86°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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Figure 1-49. Temperature-frequency characteristics of element A
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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 2quired to maintain oscillations.

1-114. CHARACTERISTICS OF ELEMENT B

Description of Element: BT cut; yxl: —49°8’;
length-thickness-shear mode; or, yzw: —49°8’;
length-width-shear mode.

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

15,000 to 75,000 kc (overtone modes).

Frequency Equation:

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

®-1’
wﬂ

2 2
f=hJ%+m%+m

where m, n, and p are integers.
Frequency Constant: k, — 2560 kc-mm.
Temperature Coefficient: 0.0 at 26°C; figure 1-50

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.

Advantages: 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-
sions, the B element exhibits a reasonably
satisfactory frequency spectrum.

Disadvantages: 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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Figure 1-50. Temperature-frequency characteristics of element B

WADC TR 56-156

40



that would be required. Because of its 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 coefficients
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:

Section |
Standard Quartz Elements

With f expressed in ke, X and Z’ are given
in millimeters. (Z’ is the dimension of the ro-
tated Y cut that originally was parallel to the
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.

1-116. CHARACTERISTICS OF ELEMENT C

Description of Element: CT cut; yxl or yzw: 87°
to 38°; face-shear mode.
Frequency Range: 300 to 1100 kc.
Frequency Equation: f = k4 w (fundamental of square
plate).
1, 2, 3,
3

o fFead (IR

Frequency Constant: k, = 3070 kc-mm. (Square
plates are preferred since they have fewer
secondary frequencies.)

Temperature Coefficient: 0.0 at 256°C for rotation
angle of 37°40’. Figure 1-51 shows the total
relative frequency deviation with tempera-
ture for maximum, minimum, and average

-

X= _18_10_n (n=2,4,6,...) angles of rotation for a nominal cut of 37°40’;
For shear modes along X: the initial temperature is taken at 25°C. The
1685.14 n slope of a curve at any point is the tempera-
X=—7—(m=135,...) ture coefficient in parts per hundred per de-
For shear modes along Z’: gree centigrade at that point. Note that as
,  1664.5n : the rotation angle is increased, the zero co-
Z= f n=135,...) efficient is shifted to a higher temperature;
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Figure 1-51. Temperature-frequency charucteristics of element C
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the same is true when the %{i ratio is in-

creased. For square plates, zero coefficients
can be obtained at higher temperatures (50°C
- to 200°C) by rotation angles from 38°2(0” to

41°5(’, 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-coefficient
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

between the two modes, the following thick-

nesses have been used: -
Frequency Range tin KC Thickness in Milg
870 to 428 18.6 to0 19.9
428 to 475 16.0 to 17.6
475 to 540 18.6 to 19.9
730 to 876 12.0 to 14.0
876 to 1040 16.0to 17.6

1-116. CHARACTERISTICS OF ELEMENT D

Description of Element: DT cut; yxl or yzw:
—b2° to —58°; face-shear mode.

Frequency Range: 60 to 500 kec.

Frequency Equation: f = k,/w (fundamental of square
plate).

, |m n” m=123§8...)
=kyTtagE @-12s...)
Frequency Constant: k, = 2070 ke-mm. (Square
plates are preferred since they. have fewer

secondary frequencies.)

Temperature Coefficient: 0.0 at 256°C for rotation
angle of —52°3(¢’. 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°3(’, 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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Figure 1-52. Temperature-frequency characteristics of element D
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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 ke, 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 -‘]X ratio ap-

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

Frequency Range: 606 to 1800 kec.
" Frequency Equation: £ = k/w (square plate).

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

Frequency Constant: k = 5350 kc-mm.

Temperature Coefficient: 0.0 at 76°C; see figure
1-53 for total relative frequency deviation.

Methods of Mounting: Wire; preferably mounted
in vacuum.

Advantages: Besides its zero temperature coeffi-
cient, the principal advantage of the ET cut
i8 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 piate and mounting. Optimum
performance is obtained at temperatures near
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Figure 1-53. Temperature-frequency characteristics
of ET-cut plate vibrating in combination mode *

756°C, 30 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/] 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 1600 kc.

Frequency Equation: { = % (square plate);
2k
14+ w

Frequency Constant: k = 4710 ke-mm.

Temperature Coefficient: 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

f =

(nearly square plate).
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Figure 1-54. Temperature-frequency characteristics
of FT-cut plate vibrating 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. Temperature-frequency characteristics
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

Description of Element: GT cut, with ratio -VTV =

0.859; yxIt: 51°7.5’/46°; width-extensional
mode.
Frequency Range: 100 to 550 ke.
Frequency Equation: k,/w (fundamental).
Frequency Constant: k, = 8870 kc-mm.
Temperature Coefficient: Very nearly zero over
the range from —256° to +476°. Figure 1-56 °
shows the total relative frequency deviation
from the initial frequency at 0°C. Note that
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Figure 1-56. (A) Diagram illustrating the equivalence

between a face-shear mode and the length- and

width-extensional modes of a rectangular plate which

has been cut diagonally with respect to the face-shear

element. (B) w/I ratio vs rotation angle, ¢, of element
G praviding zero temperature coefficient *



for a span 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 26°C
to 50°C by incressing the initial orientation
angle from 51°7.5’ to 51°30’; the zero coeffi-
cient range will thus 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.
Methods of Mounting: Wire, knife-edge clamp,
pressure pins, cantilever clamp.
Advantages: The GT cut provides the greatest
frequency stability that has yet been obtained
from a quartz plate. Where other quartz 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. This element was originally
suggested by the fact that a face-shear mode
consists of two extensional modes coupled to-
together. When 2 face-shear element is rotated
45° the vibrations lose 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 must 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 46°, the coupling
between the extensional modes can be reduced
by grinding down one edge so that one of the
modes 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.
Figure 1-66 (B) shows the w/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-
lators where the most precise accuracy is re-
quired, such as in the frequency standards of
loran navigational systems, the time stand-
ards 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 is 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 unless
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 stages 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 is fundamentally the same throughout the
industry—first, the inspection and cutting of the
raw quartz; next the lapping and etching of the
diced blanks; and finally, the mounting and testing
of the crystal unit in its holder.

INITIAL INSPECTION OF RAW QUARTZ
1-121. The manufacture of a crystal unit begins
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with the inspection of the raw quartz for impuri-
ties, cracks, and inclusions. For this purpose, the
arc lamp of the inspectoscope shown in figure 1-67
is used.

1-122. The inspectoscope tank is filled with a clear,
colorless oil mixture having an index of refraction
approximately the same as the average in quartz
(1.62 to 1.66). Such a medium for transmitting the
light to and from the raw crystal, or “stone,” is
necessary in order to see the interior, for otherwise
reflections and refractions at the rough surface
will not only create an excessive glare, but will
diminish the intensity of light penetrating beyond.

. CRYSTALZUNIT FABRICATION "~ =
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wafering, except that, before being sliced into
oriented wafers, the stone is cut into one or more
blocks 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

Figure 1-60. Direct-wafering method of cutting
crystal blanks

MOTHER QUARTZ SECTIONED
INTO 2 BLOCKS

X BLOCK CUT FROM Z BLOCK

+2Z
+X-AXIS

wWiNOOW d

6T WAFER

Z-AXIS WINDOW (PERPENDICULAR TO
PLANE OF PAPER) PLACED AGAINST
REFERENCE EDGE OF MOUNTING JIG.

WAFER CUT FROM X 8LOCK

Figure 1-61. X-block method of cutting wafers from unfaced stone. Waters, on being diced, provide crystal
blanks of the proper corientation
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DICING SAW
(A)

CRYSTAL WORK
HOLDER

©

LAPPING MACHINE
([}

Figure 1-67. (A) Dicing saw. (B) Diced wafer. (C) Nest of lapping machine. (D) 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 1-130. The semifinishing is
done with 600-grain carborundum or equivalent,
and the finishing requires 1000- 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, 3000 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, all blanks 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
ground 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.

1-133. 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, corner-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 pres-
sure, 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 listed above except the gravity-sandwich
and the gravity-air-gap.

Gravity Sandwich

1-134. 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 fit a par-

[e———FLEXIBLE WIRE

CRYSTAL: >
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l\_ NON CORROSIVE

METAL PLATES

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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are similar to those of the unclamped holder; and,
in addition, it has 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 Jower-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 ke. -

Nodal-Clamped, Air-Gap Mounting

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 a8 minimum
of damping from direct contact between the crys-
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 Sandwich

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-clamped, air-gap method
of mounting crystals
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Figure 1-73. Pressure type of dielectric sandwich for »
mounting crystals

near its elastic limit, for otherwise arcing would
occur between the electrodes and the crystal. Low
drive levels are 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 vulnerable 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 advantages
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, & 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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Figure 1-74. Center-pressure type of dielectric
sandwich for mounting crystals

furous rubber sheeting, cellulose esters and ethers,
varnishes, lacquers, vitreous enamels, metallic
oxides, rubber coatings applied by electro-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 6 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 that 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 cases 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 indicate 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 be-
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, as is usual, causing the alternating
field 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 electric field will be greatly dimin-
ished. That part of the dielectric directly between
the crystal and the relatively inelastic electrode,
acts ‘as an elastic 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 side 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 well beyond the edges
of the electrodes. This arrangement increases the
length of the shortest possible arcing path, and, in
80 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 the assembled sandwich.
Figure 1-75C is a side view of a similar sandwich,
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Figure 1-75. Two methods (B and C) by which a

corner-clamped, air-gap holder can be converted into

a dielectric sandwich. Figure A shows a dielectric
sheet cut to the dimensions of the air gap
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Figure 1-76. Dielectric sheet cut to fill 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
faced. 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 usé 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 1-77. Cross-sectional view of gravity-air-gap '
mounting with electrode surfaces protected by coating ‘
of high-dielectric 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.

Plated-Dielectric scndwlch

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-
rial is 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 having
conducting films on both major surfaces. The two
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Figure 1-78. (A) Air-gap mounting using dielectric
sheots having conducting films on each major surface.
(B) Air-gap mounting using dielectric sheets having a
conducting film on major surface in contact with
electrode. (C) Dielectric sandwich in which leaves
of metal foll are inserted between dlolmrlc
and crystal

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 preferable 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 dielectric 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 eﬁects of exces-
sive electric stresses.

1-152. The plated-dielectric sandwmh 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 selectivity 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 serves 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 potential 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-
gired mode. However, the majority of the unwanted
modes will 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.

Button Mounts

1-158. 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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" Figure 1-79. Button electrodes and methods
of mounting :

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-inetal 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 normally 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 should 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 held 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 ¢f 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
baking, 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 3 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-mode crystal units of the CR-23/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 514 inches
square and 614 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 dc
are applied between the crystal mask and the elec-
trodes; first for 30 minutes at 100 ma with the
mask negative in order to clean the crystals by
ionic bombardment, 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
ke per minute. The electrolytic solution consists of
chemically pure nickel ammonium sulphate, boric
acid, ammonium chloride, and water in a weight
ratio, respectively, of 76/156/15/1000. A fter 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 élec- -

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 absorb
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-Pin 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. Normally, these holders are designed for
mounting a complete set of filter crystals within

Figure 1-80. Pressure-pin mounting, with provisions
for supporting four plated filter crystals *
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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 beyvond the nodal point.
To obtain optimum performance with this type
of mechanical support, a resonant-cantilever de-
sign for pressure pins was invented by J. M.
Wolfskill of the Bliley Electric Company (U.S.
Patent 2,240,453, 1941). This step was quite sig-
nificant, not only in its own right, but because it
provided a forerunner of the resonant-wire type
of mounting. The following discussion is based
on an analysis of the cantilever clamp by R. A.
Svkes (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 *
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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:

_ m’dv

© 8l

where: m — 1.875 for the 1st node of vibration of

the rod (pin)

1
— - —9
m_(n 2) forn=2, 3,...

d = diameter of pin
v — velocity of propagation along pin
1 = length of pin

f

For phosphor-bronze pins, v = 3.6 x 10° cm/sec;
therefore, to support a 100-kec crystal, pins 1 mm
in diameter should be 2.25 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



QUARTZ CRYSTAL
LENGTH L TO PAPER

A

PHOSPHOR BRONZE
SPRING

[/

.

Figure 1-83. Knife-edge clamp support for two
crystal 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 eflectively provides four
crystal elements for use in a balanced filter circuit

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 filter crystal, a crystal that
can vibrate in a very 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 1-158 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 edgerclamped
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
military 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 ke for C elements. The
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 quite strong,
so that eventually greater 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 euteclic tin-lead solder is used that
would normally be an alloy of approximately 63
percent tin and 37 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






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 ke, 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 FLEXURE

Figure 1-86. Cage assembly 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.
mechanically 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-mil
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-cone 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

s
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Figure 1-87. Headed-wire crystal support *
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distance d (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 performance. 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 ELECTRODE

| AREA

ELECTRODE /

(a)

(8)

Figure 1-88. Edge-clamped sysiems of mounting. (A)
Mounting for low-frequency crystals. (B) 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 higher voltages than the conventional air-gap
crystal units. This is because the wire-mounted
crystal is8 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 mc, 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
mc, 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 buttons.

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, as 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, particular]y 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 ¢rystal
unit so perfectly that not even minute leaks will
develop due to stresses on the pins and the glass-
sealing of the eyelets. 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, wire 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 Jow 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
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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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Figure 1-89. Minimum change in frequency that AT
and BT plates must undergo due to etching, if 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 is less than that for an 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-parallel-
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 10’ /f (cycles) microns for
crystals above 3 mc.

Etching 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 ke 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



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 with 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 as an etching bath in reducing aging.

Mounting to Reduce 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 crystals 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
blasting 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 Aging

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, an:d 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
aging was traced to the outgassing of the metal
plating of the crystal, and its elimination has been
achieved by pre-aging the plated crystal for 3
minutes in a 300°C oven. After a sufficient period
of artificial aging, a properly fabricated and oper-
ated crystal unit will mainiain its final tempera-
ture-frequency characteristics indefinitely.

Low Relative Humidity to Reduce Aging

1-180. A low relative humidity is of paramount
importance if excessive aging is to be prevented.
Even if a crystal is perfectly mounted and clean,
an ambient relative humidity higher than 40 per-
cent will sharply increase the insulation resistance,
and will greatly accelerate the weathering of the

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.

Low Drive Level to Reduce Aging

1-181. As a general rule, the lower the drive level,
the longer will be the useful life of a crystal unit.
This is true because the cumulative effects of al-
most all of the previously discussed aging factors
are considerably more pronounced when the crys-
tal is operated at high drive levels. Also, the higher
operating voltages greatly increase the tendency
toward corona discharge and other ionization
effects, and the vibrations of greater amplitude are
more likely to result in crystal or wire fatigue. To
ensure maximum lifetime, a piezoelectric reson-
ator should be driven at the lowest practicable
level consistent with the circuit requirements.

ELECTRICAL PARAMETERS OF CRYSTAL UNITS

EQUIVALENT CIRCUIT OF CRYSTAL UNIT

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

L Ca

T

trode parts that extend beyond the quartz. Cy, and
Cy. represent the distributed capacitance of the
crystal circuit to the holder H. C, 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, C, 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 wonld normally be the case, C,

L2 Ln
Co Cn Ce
Ra Rn

Figure 1-90. Equivalent circvit of crystal unit
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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-are 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 L,, C,, and R, repre-
sents the equivalent circuit of the desired mode,
and that all of the higher subscript branches L,,
Cs, Ry, represent unwanted modes.

1-184. Since a crystal unit is normally 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 L,, C,, and R,
in figure 1-90, and C, will approximately equal

Cfll Cﬂz

C.+ C. + . For these assumptions to
CHI + CHI

O—

: L
e

o—

Figure 1-91. Simplified equivalent circuvit of
crystal unit
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hold, R, must be much greater than the impedance
of the crystal when parallel resonance is estab-
lished between the motional arm and C,. Also, the
operating frequency must not be so high that the
reactance of L, becomes significant; and the nor-
mal frequencies of all the unwanted modes must be
sufficiently removed from the nominal frequency,
if each of the unwanted branches is to present a
high impedance at the desired operating frequency.

SIMPLIFIED EQUIVALENT 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 C,:

— CA + Cc )2
L‘( c. /b
_ C.%C,
(Ca+ Cy) (Cy + C, + Cy)

_ CA+C¢2
R = (=g )R

GG,
Co B CA + Ce
THE EFFECT OF R-F LEAKAGE RESISTANCE

1-186. The principal effect of R;, the terminal-to-
terminal r-f Jeakage resistance shunting the crys-

C

Figure 1-92. Simplified equivalent circuit of air-gap
crystal unit
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_is increased to a greater extent. If the distributed
inductance 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 C,. However, the distributed X, 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 as 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
jumps 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 Xy,.. The distributed inductance, Ly, 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 will always be at very high frequencies near
series resonance. In analyzing the behavior of a
crystal unit where the distributed Xy, cannot be
neglected, the simplest approach is to consider X,
as a separate fixed reactance in series with the
crystal unit. From this point of view, as long as
XL, is very small, as compared with X, it can be
seen that Ly 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 mc. 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 C,. The larger the value of Xy, 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 L,,
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 C,, and hence, a maximum frequency
stability in the very-high-frequency range. It
should be remembered, however, that since the dis-
tributed X1, will increase with the frequency, the
effective C, will also increase with the frequency,
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so that a measurement of C, 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
will 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. Cy,, which would otherwise be
in series with Cy;, is now effectively short-cir-
cuited, so that the total shunt capacitance C, is
increased. If Cy, were assumed to be equal to Cy,,
the amount of the increase due to grounding ter-
minal 1 and the holder would equal Cu,/2. On the
other hand, grounding the holder can result in an
effective decrease in C,. 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, Cy, and Cy., are effectively connected
in series, so that, if Cy, = Cu., the total capaci-
tance of the series combination is Cy,/2. If switch
S is closed, thereby grounding the holder, the effec-
tive total C, becomes larger or smaller, depending
upon the point of view of the observer. Since Cg,
is no longer in series with Cg,, but, instead, is
shunted across the entire circuit, whereas Cy, 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 C,, whereas an observer at M. would
say that C, has decreased. At frequencies well re-
moved from the nearest resonant frequency of
the motional arms, the branch impedances are so

e 2

1] . Ce+CL M2
T ™7

o—4

i

Figure 1-93. Circuit diagram indicating the effect that
grounding a metal holder may have on shunt
capacitance






Estimating 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:

C, = 0.402 A/t uuf 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:

Ce = 242 Af/n puf 1—192 (1)

where f is the nominal frequency in mc/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 mc/sec  Electrode Area =10%

(n=1) (sq cm)
1—2 0.504
2—5 0.385
5—9 0.283
9—15 0.159

15— 20 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— 45mc;n=3

f=45— T5me;n=>5

f=75—105mc;n=17

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/tf? puf

where t has an average value of 0.05 cm, and f
(mc/sec) lies between 0.3 and 1 mc/sec.

1-194. For fully plated D elements, equation
1—191(1) may be expressed as:

. = 0.0172/tf% upf
WADC TR 56-156
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Figure 1-94. C, versus frequency for typical wire-
mounted N elements

where t has an average value of 0.05 cm, and f
(mc/sec) lies between 0.2 and 0.5 mc/sec.

1-195. For a typical wire-mounted J element,
equation 1—191 (1) may be expressed as:

C. = k/f uuf

where: k = 38 for f = 1.2 to 2.5 k¢/sec
= 45 = 2.5 to 4.0 kc/sec
= 58 = 4.0 to 6.6 kc/sec
= 77 = 6.6 to 10.0 kc/sec

Note that f in 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.

Estimating 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,./r, 1

|

-197 (1)

e fe
A ELEMENTS, 1/1>8 250 G ELEMENTS w/i=8% 350
B ELEMENTYS, t/t>5 630 J ELEMENTSt/{< 06 200
C ELEMENTSw/¢ =i 350 M ELEMENTSw/t= 4 180

& O ELEMENTS,w/t =i 400 N ELEMENTS,w/l:<.3 900
@ 220 i
w e H ELEMENT
S 200 Tj
,*_1 180
2 160
g B
g 140 -4 F ELEMEN i
o
o '2° E ELEMENT
5 100 - -
= o] 1 2 3 a L) 6 7
w
S

Figure 1-95. Approximate values of the ratio of
capacitances, r, :_—%, for various plated crystal

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.n? 1—197 (2)
Estimating L, Equivalent Motional-Arm
Inductance

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

L = C henries 1—198 (1)

_1
4%
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:

2L, 1—199 (1)

R = ohms

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= —X./R = Z%ﬁ' it can be seen that Q is

inversely proportional to C, and thus might be
considerably increased by simpiy 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. Typical curves of the series-arm resist-
ance of plated crystals versus frequency. Actual
series-arm resistances will vary between R/3 and 3R,
where R is the value shown, except when R is less
than 10 ohms, in which case the minimum resistance
will be approximately one-half ithe value indicated.
Valves indicated are average for fundamental modes
and approximately ' 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 C,, Total Static Shunt Capacitance
1-201. The equation for C, is

Co=Ce+Cd

where C, is the total distributed capacitance of
the crystal leads and terminals. Approximate
values of C4 for plated crystals in ungrounded
holders are given below :

Crystal Holder Ca(puf)
HC-6/U 0.7
HC-10/U 0.3
HC-13/U 1.0
HC-15/U 1.5



IMPEDANCE CHARACTERISTICS
VERSUS FREQUENCY

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 X, at resonance, and is com-
monly expressed in milli-uuf (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. C, normally lies between 3.5 and 14 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 uuf are
quite common.

1-203. Since X, = 2xfL
-1
and Xc = m

then, the rates at which X, and X; change with
frequency will be, respectively:

dX..

—E- = 2xL
Xe 1
df ~ 2«fC

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
Xc is negative, so that a positive change in Xg
means that its magnitude becomes smaller as the
frequency increases. On the other hand, the re-
actance of the inductance increases by an amount
2xL for each additional cycle per second. At the
series-resonant frequency of the series arm, the
total reactance

XL +' Xc = 0
WADC TR 56-156
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or
1
2ef,L =
o 2xf,C
or
1
2xL = ———
™ T 2x2C

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 react-
ances will change with frequency at the same rate.
Therefore, for small changes in frequency near
series resonance:

AX 1, = AX(‘

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

AX, = AX,, + AXc
then

AX, = 24X, = 4rLAf

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 aX,. That is:

X, = 4xLAf 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 X, and R may be assumed

!
Xgg * = ———
Co 2rfsCo
Xs
Xg » 4w LAf

Figure 1-97. Iimpedance diagram of equivalent circuit
of crystal vnit






equations 1 and 2, becomes

_ R? )
X = X“( R + Xco°
— XC02 )
and R, = R(R2+Xc.,z

Except at the very high frequencies, X, 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 mc, X¢,
will have a magnitude in the vicinity of 400 ohms,
or approximately 10 times or more than that of R,
so that R, 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:

R = — (X, + Xco Xo)
Since X, 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,, X¢, > > X,, so that
X,? may be considered negligible. Thus, f, will be
the frequency at which

R2

— XcoXe = — 4r LX Af,
where Af, = f, — f,

Since X, is negative,

— R?

Af, = ——
4rLXco

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) :

C, = 242 X 0.159 X 10 = 3.85 uuf
WADC TR 56-156

79

Section |
Electrical Parameters of Crystal Units

According to figure 1-95, r, = 250. Thus, by
equation 1—197 (1):

3.85 . 2
=" =154X10 f
250 X as
By equation 1—198 (1):
' 10™

L 2 14
4 X 3.147 X 10" X 1.54

1.65 X 1072 henries

According to paragraph 1-201:
C, = 3.85 + 0.7 = 4.65 uuf

So that
-1 — 10"
XCo = = 7
2xf, C, 6.28 X 107 X 4.55
= — 35X 102Q

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

82 x 107!
4 X 314 X 1.65 X 3.5

0.088 cycle/sec.

Af,

With such an extremely small difference between
the two resonant frequencies of the crystal unit
(less than 1 part of 10%), for all practical purposes
it can be assumed that f, = f,. 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 C,. 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; = 10-* henries. Then

X,, = 2rLif, = 0.628

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

— 4xLAf, = 0.628
or

_ — 0.628
" 4r X 1.65 X 1072

Af, = 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 10'. 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 stabilizer, a reason-
able increase in R will not, in itself, cause the fre-
quency of a series-resonant crystal oscillator to
drift.

ANTIRESONANT FREQUENCY OF
CRYSTAL UNIT

1-208. Returning again to equation 1 of figure 1-98,
it can be seen that the term (R? 4+ X.* 4 X, X,)
can also be zero at some higher frequency than f,,
namely, when X, = X,, (R? 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.. = 4r LAf, = GCol
so that

1—208 (1)

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

3.5 X 10°

= TX 314 x 165 X 107 ~ 189 ke/sec

af,

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

fractional frequency range, A—ffl, and the ratio of

the capacitances, r = %’, that can be derived from
equation 1. Thus:

1

A = G L2r (G,
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1
A/t = 2.° LC,
where w = 27 . Now,
o’ = 1/LC

so, on substitution:

Af,/f =C/2C, =1/2r 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 C, > C,, it is usually some-
what less. However, as a practical rule-of-thumb,
it can be assumed that r =r,, but only in those
cases where C, ~ 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 X, 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,

\ AT tr

~~

OHMS

Figure 1-100. Impedance characteristics versus fre-
quency of crystal unit. Neither the frequency nor the
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 X, at antiresonance

R, = Z, = (Xco)*/R

In the case of the particular 10-mc crystal unit
where X¢, = —3.5 X 10’2, and R = 8, R, at
antiresonance will be approximately 1.5 megohms.
Z.(= VRT + X7) 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 FREQUENCY, f,
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 oscillator 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

X.p
P~ ReptR
X, op x
Xqp® —Xy
Ry

Figure 1-101. Equivalent parallel-resonant circuit of

crystal unit (X, R.,) shunted by load (X, R,). Nor-

mally f, < f, < f,, so that X., is inductive and X,
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, f,, of an
equivalent parallel circuit, as shown in figure
1-101. X,, and R,, are simply the reactance and
resistance of the equivalent circuit of the crystal
unit at f,, 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, 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 §;

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

R2
Al = [4r L Xc,

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

e,

oty = |47 L

could amount to more than 0.1 percent difference
in frequency. In this case, since, Af, 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 f, — f, = Af,. Now, it can be imagined
that Af, is simply the Af, of a crystal unit whose
shunt capacitance C, has been increased by an

|
i
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o— Af, of a crystal unit that has C, = Cy, aAf, will be

expressed by the same general formula that
Xep+ 4 7L AT, holds for af.. Thus, af, = lffd Also, since
Xr =—1/2+fCy, it can be seen that Af, will be

inversely proportional to the total shunt capaci-

% Xy
% Ry = %‘i tance. Although C,, itself, is the most stable of all
T
R
O—

. ]
xp  XTetr zvfch""’

the crystal parameters, the stability of the effec-
Cr= G +C,y tive external capacitance C, will depend upon the
Xept  Xp? over-all design of the oscillator circuit. The crystal
® R+Ry  R¥AT 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-
Figure 1-102. Equivalent parallel-resonant tank cir- lent L, C, and C, of the crystal that fix the exact
cui-r, !’n Whit:'h fhe.moﬁonal impedance of the crystal frequency; and although the stability of the crys-
unit is the "fd"mve arm °fh'he m"‘f'.a"d the total tal parameters is fundamentally a problem for the
shunt impedance is the capacitive arm crystal manufacturer, the stability of the effective

C: is largely the concern of the radio designer.

Ry

amount C, and which has an effective resistance

C, - 1-212. Figure 1-103 (A) shows the reactance curve
added to the shunt arm equal to R, (Co +Cx)' This of X, versus frequency, and figure 1-103 (B) shows
last assumption can be made without introduc- the reactance curve of Xy versus Cr. The values
ing an appreciable error as long as R, is small of X, are those of the 10-mc crystal unit which
compared with X,. The multiplying factor is has previously been taken as an example, and

where L is assumed te be 1.65 X 10-* henry. Note

needed, since only a fraction G of the : :
ed, y '\C. 1 C./) that the variations in X, with frequency have been
il

total equivalent tank current will flow through R,. neglected, and f is simply assumed to equal the
The equivalent tank circuit is shown in figure nominal frequency of 10 mc, insofar as the capaci-
1-102, where Cr and Ry are the values of the shunt tive arm is concerned. Since X, and Xy are drawn
parameters. Now, since Af, is equivalent to the to the same scale, a horizontal line drawn through
(a) (8)
/|
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Figure 1-103. Reactance curves of: (A) X, versus Af, (B) —X, versus C,
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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 G, if the two arms are to be resonant. For
example, at Cr = 7.69 uuf, X+ = —2000 Q; so that
in order for X, to be 2000 0, Af, must equal 9.65 kc.
Likewise, a Cr of 40 uuf will mean approximately
a Af, of 2 ke. Now it so happens that the part of
Cr represented by C, 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
X, 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 C, is to have
a minimum effect upon the frequency and power
expenditure of the oscillator, then C; must be as
large as possible without seriously reducing the
stabilizing effect of the crystal. In other words,
Cr should have a value where the slope of the
X-vs-Cy curve is not steep. For the 10-mc crystal
of figure 1-103, maximum stability would be ob-
tained with Cr between 36 and 40 puf. With C,
equal to 4.55 ppf, this would mean a load capaci-
tance, C,, between 32 and 36 uuf. 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
Jarge that X; will approach the magnitude of R,
otherwise the crystal will not only lose some of
its stabilizing effectiveness, but will require an
excessive drive level to maintain oscillations.

Stabilizing Effect of Crystal on f,

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 mdke certain that the apparent

Q. of the crystal series arm (% 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 C,, However, since X,, and hence X,,
must be kept small to reduce the effects of a
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change in Cy, 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 X, with frequency is

dX, _
a - 2L
and that, at resonance
dX, - dXc
df df

In the parallel-resonant crystal circuit, however,
these equalities do not hold, for X, = 4»aAfL, and

not 2»fL. Thus,(%.—“ = 4xL, where L of the crystal

is greater than L. of a coil of the same reactance
by a factor of f/2Af. Since at resonance, the rate
of change of Xt would equal that of X, it follows
that 4xL, the change in the motional reactance
with frequency, will be f,/Af, times as great as
the change in X; 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 C;, 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; 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 Yariations in Resistance

1-214. As long as the apparent Q of the parallel-

L. X,

resonant circuit (R T Re
10, a change in either R or Ry will not, in itself,
have a large effect upon f,. 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 C;, since, to a cer-
tain extent, the effective Cr 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, Z,,, of the parallel circuit at reso-

is at least as great as
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2
nance will be approximately —-&"— An increase
R + RT

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 Z, (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 Ry
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 Ry. This is unfortu-
nate, for if the load should increase it would be
desirable to have an increase in Z,, 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 Ry 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 Ry can rapidly increase
or decrease with the excitation voltage, and Zp will
vary inversely. Under these cornditions, Zp, will
always change in a direction that will tend to annul
any change in the excitation voltage. The greater
that part of Ry 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 Ry 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 Z,. 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 Zp, and hence the output, essentially constant.
However, a change in R or Ry 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) Xy, and hence X,
preferably should not be smaller than 10(R+R5),
or the maximum stabilizing eftect of the crystal
will not be realized; (2) the direct effect of a
change in (R 4 Ry) is to change Zp; (3) the ef-
fects of a change in Zp primarily will involve
changes in the excitation voltage, 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 Ry 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 LL
means a change in Af,. For a given Cr and nominal
frequency, Xr,, and hence, X,,, must remain ap-
proximately constant, so that af;, equal to X,,/4»L,
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 f, to an exact value;
in which case the problem of the design engineer is
to ensure that C; will be sufficiently adjustable so
that the desired f, 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 Af, must
be met than otherwise. Unless spurious modes are
closely coupled to the desired mode, the variations
in L that might océur during the operation of a
particular crystal unit will be too small to affect
the magnitude of Af,, as long as Xy, remains con-
stant. However, the operational variations of L
and/or C may be such that f, will change, in which
case f, 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
f, can be compensated for by an adjustment in Cy.



-Minimum Value of aAf,

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

R+ X+ X, Xr=0

(Note that X; now replaces X,.) Now X, = 4=LAf,
and on substitution in the preceding equation and
rearranging, it is found that

R2

o =0

@07 + 2T at +

Note that this is simply a quadratic equation of
the type AX® 4+ BX + C = 0, so by the quadratic

formula
X% — 4R?
NS

2

_ Xz
4zL

Af =

The = term indicates that there are two possible
solutions for Af at which resonance will occur. One
of these is equivalent to Af, (but with C, replaced
by Cr), and the other is equivalent to af,. For
these solutions of Af to be real, X;* must be greater
than 4R?; otherwise, the expression under the
radical sign becomes negative, and Af will be
imaginary. However, in the special case where
Xt — 4R?! = 0, there is only one solution for aAf.
In other words,

Af, = Af, = ;:iT

This represents the minimum value obtainable for
Af,; or, from the point of view of series resonance,
it may be considered the maximum value obtain-
able for af,. The important point to note is that
neither parallel nor series resonance is possible
unless X4* is equal to, or greater than, 4R?. At the
minimum Af,,

X = 4R?
or
| Xr/R| = Xu/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 R; were equal to R. However,
since C, limits the minimum amplitude of leading
current, Ry cannot be made equal to R for all
values of f,, and there will still be a minimum f,
greater than f,. (A minimum which can be shown
to be identical with the natural f, of the crystal
unit.) With R; 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-? henry

C=1.54 X 10-2 puf

R = 8 ohms

Co = 4.55 puf
X., R., and Z, are given by equations 1, 2, and 3,
respectively, in figure 1-98; X, is assumed to be
equal to —3.5 X 10* ohms for all values of af. Note
that the normal operating range covers only about
one fourth of the total range between f, and f,.
Of course, if C, were greater than the value as-
sumed, Af, would be smaller and the normal opera-
ting range would be a larger percentage of the
total. As explained previously, Cr ( = C, + C;)
must be relatively large, so that small variations
in C, will not greatly affect the frequency, and it
is this consideration that limits the practical oper-
ating range to low values of Af. At parallel reso-
nance, X. must approximately equal —X,, for the
same reason that X, must equal —X;. Standard
military high-frequency crystal units are normally
tested with a value of C, = 32 puf. At 10 mc, a
capacitance of 32 puf will have a reactance of -
approximately —5000, as indicated in figure
1-103(B). With C, = 4.55 uuf, Cr will be 36.55 ppuf,
which corresponds to a value of X1 = —440 Q, and
a Af = 2.1 kc/sec. Af can also be found from the
reactance curve of figure 1-104 at the point where
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Figure 1-104. Typical characteristic curves for X, and R. of 10-mc crystal unit.
(Shunt resistance, R;, across crystal is assumed to be negligible)

X, = —X, = 500 Q. 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 X, is exactly annulled by X.. If
the ratio of X./R. is sufficiently large, then for all
practical purposes the series-resonant frequency,
f.., is the same as the f, of the crystal unit in
parallel with the same C,. At resonance, the crystal
unit and C, in series have an effective impedance
equal to R.. Although there is an effective maxi-

Af,

5 it has no special

mum Q., = %‘ when Af =
significance directly concerning the frequency sta-

o—
Xe
= CR
AT 1,0
= Re  Xgt Xx=0
23 Re
Cx
Xy

Figure 1-105. Equivalent circuit of crystal unit
connected in series with 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 Xc,.
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 R, does not in-
crease nearly as rapidly as does X., except in the
region of f,. With C, = 32 puf, af,, (= £, — f.)
will be 2.1 ke 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 C, 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.x. The measurement for the last quantity is made
when a known load capacitance C, is connected in
series with the crystal unit. Since f,,, the resonant
frequency of the crystal and C, in series, for all
practical purposes will be equal to the f, 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
“f,” in referring to either.



Measuremeat of the Shuant Capacitance, C,

1-219. At all frequencies sufficiently removed from
resonance the crystal unit will have the character-
istics of a capacitance equal to C,. 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.

Measurement of the Series-Arm 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 (kec/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, L, and
L., between which a resistor, R,, equal to R,, the
effective resistance of the crystal unit, can be con-
nected. The ganged tuning capacitors C, and C,
are at all times equal. C, 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-z=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 C, 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

P R-F

ouTPUT
TERMINAL

Figure 1-106. Simplified schematic diagram of CI 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 M,. 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 R,, 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 S, closed, as C, and C, are
varied, a peak in the grid-current reading indicates

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. R, 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 R, will equal R, and, since R, 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 means 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 I*R X 10-3, where I (in
milliamperes) is the current through M, 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 1-107. How a small percentage change in excitation voltage can cause a large percentage change in
grid-leak current of Cl meter. Bias 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.

‘Measurement 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 oscillator 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 CI 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 Cl-meter signals being fed to

“the receiver input, the output of the receiver will

be an audio beat note equal to the difference be-
tween 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 less than the standard signal. The audio
beat frequency is next mixed with the audio out-
put of the interpolation oscillator, 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-
marily upon the accuracy of the frequency stand-
ard, and secondarily on that of the interpolation
oscillator. As in the cage 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.

Measurement of the Parallel-Resonance
Frequency, f,

1-222, To measure f,, it is first necessary to adjust
the CI meter to oscillate at f,, by the same steps
employed previously. With the oscillator so ad-
justed, a known value of C, is switched in series
with the crystal. The new frequency will be ap-

- proximately equal to f,. The more common values
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of C, are 32 puf for high-frequency crystals, and
20 uuf 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 Cl-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,, unless CR
and C, in series introduce a negative reactance to
compensate for the increase in X;, and X,, and
the decrease in X, and X¢.. 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 |X,| 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,) Af,,
where Af, is the difference between f, and f,. At
the true f,,, X, + X; = 0; at the observed f,,

Xe+xx+47r(Ll+L2)Afp=0
1—223 (1)

Now a small change in X, + X,, equal to AX, 4
AX,, 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 f,) = a(X. + X;)
~ aX, =~ AX, = 4xLaf, where af = observed f, .
— true f,,. By substitution in equation (1)

True f,, = Observed f, + (1"1—1") Af,
1—223 (2)

Measurement of the Effective Resistance, R.,
at Parallel Resonance

1-224. In the measurement of f,, 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 f; as at f,. In the
case of a crystal unit which is intended to be oper-
ated only at parallel resonance, R, 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 R, for the crystal
the circuit must be retuned so that oscillations are
being maintained at f,. For s very precise drive-
level measurement, additional precautions must be
taken if the power dissipation is to be the same
:n both the series- and parallel-resonant measure-
ments. The best assurance that the f, and f, 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 end L
from the Measured Parameters

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

2(C, + C,)af,

C = I

1—225 (1)

1
where, C, C,, and C, are in farads, L is in henries,
and Af, and f, are in cps.

METHODS FOR EXPRESSING THE RELATIVE
PERFORMANCE CHARACTERISTICS
OF A CRYSTAL UNIT

1-226. If the four equivalent electrical parameters
(L, C, R, C,) 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 than 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 C,.
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 (Qem), the figure of merit (M), and the perform-
ance index (PI). 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 coeflicient of frequency stability
(Fx), and the capacitance ratios C;,/C and C;/Cy.
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 = Co/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 frequency 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 related 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 eguivalent-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 amplitude 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 the 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 each 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 IX,,, the r-f voltage developed
across C,. X, depends upon the frequency and the
value of C,, whereas, I, the current through C,
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 circuit 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 C,.
This voltage in turn is proportional to Z, ~ X!/R,
where Z, is the parallel-resonance impedance, Xy
is the reactance of C;, the total shunt capacitance,
and R is the series-arm resistance. As long as Xy
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
Cr = C, + GC,, so that if C,, the effective capacity
of the external circuit is to be held constant, then
Xr, and hence the activity, changes with C,.
Another complication arises when a measure of
crystal quality is desired that will hold between
crystals of different nominal frequency. 1f Cr or
C, is to be held constant, then Z, 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
measured 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. Thus, 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 C—for which the
activity, as interpreted above, requires only a
measurement of R. Assume that a small, variable
shunt capacitance, C,, can be connected directly
across each crystal unit whose activity quality is
being tested, so that the effective shunt capaci-
tance (eff C, = C, -+ C,) 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 C,, 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, C,, that the
entire crystal unit faces (not necessarily C; =
C. + 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 general enough to be applicable for any type of
crystal oscillator. 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 generalization 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, C,, as well as R, becomes a signifi-
cant parameter of the activity, and the exact rela-
tion of C, 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( :%‘)is 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 |El.| =I.!R.. 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 circuit
replaced by an equivalent capacitive reactance,
X,, in parallel with a negative resistance, p, equal

] 2
to —Z,, where Z, ~ %’- ~ );‘ . At all instants

the impedance across t}'ie term’inals at 1 and 2,
whether that of the crystal unit or of 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, 1.p, = 1%, 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 Z, 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 » has doubled its value and is
again numerically equal to Z,. (The changes in ,
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.| > R, or |p| < Z,, 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 , were nu-
merically larger than Z,, 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 the 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

Pt
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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:

12 p,
L’R,

Oscillations thus build up as long as p, is greater
than R.. For circuit (C) the voltage, E,, is the
same across the crystal unit as across p, so that the
power ratio is: ‘

&
R,

1—232 (1)

Es/p _ |Z|  whereZ. = /RT+X?
R, E}Z?  |» and X,>>R,

1—232 (2)

Oscillations thus build up as leng 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-
cillator 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 Z,. Note
that these two conditions are not entirely equiva-
lent. For a given crystal unit, Z,, 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 R,.)
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 considered the more reliable
index of the crystal activity quality for parallel-
resonant oscillators. There are exceptions, how-

ever, where R,, or rather R_l’ 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 C; 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). X, of figure
1-108 (B) is represented by (X,. 4+ X,,) and by
(X,c + X,4) incircuits (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
X, is much greater than R, so that the voltage
across the crystal unit can be assumed to equal
1.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 X,., as the case may
be. In circuit (A), the excitation voltage is thus
equal to I,X,., and the crystal power dissipation is
I.’R.. If the ratio of the r-f output voltage of the
tube to the excitation voltage, E,/E,, is assumed
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to be k, then the ratio of the output voltage to
the crystal power, P, is: :

E, kILX.
Pc B IK2Re IK

E& Circuit (A)
(figure 1-109)

The magnitude of the total impedance of the feed-
back circuit must be kZ,, 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), [Xu| ~ %i Substituting this
value of X,. in place of X, in the equation above:

E, _ kQ. Circuit (B)
P. (k+ 1)1, (figure 1-109)
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Figure 1-109. Generalized crystal oscillator circuits,
showing two conventional methods for connecting
crystal unit (X,, R.) 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 E,/P. is to be obtained when Q. is
a maximum. This assumes that the circuit capaci-
tance, C,, 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 Q.. The Q of the combination is

~approximately equal to Q. (3(‘—%—)(—" as long as

(X, + X.) is numerically largev 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 I, is to be held constant, regardless of the
value of Q.. Another instancé in which the activity
of an oscillator is a direct function of Q. 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 1.Z./I.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
..,—I_C, = |X,|. 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

e (= )

MAXIMUM EFFECTIVE Q (Qem)
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.n) 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

af,
25 Thus,

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

midway between f, and f,, so that af —

Qun = & _ 2xLAf,
“* R, 2R
Since
fC .
Af, = —- [by equation 1—208 (1))
2GC,
Then
Q _2rflC VIC 1 | X
*™ ~ 4RC, 4RC, 4RwC, | 4R
1—234 (1)

Q... 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

VLC/4R(C, + C,).

FIGURE OF MERIT, M

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

when the apparent Q, of the motional arm, %—'«, is

equal to 2; that is, unless Ry, 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= | XCo' - X - 4xLAf, _ 2xfLC
[R| R R RC,
Q _VIC :
= 9 _ - 4Q,, 1—235 (1
. RC. Q. 235 (1)

where Q is the series-arm Q and r = C,/C. Note
that M is equal to four times the maximum Q, of
the crystal unit, so that the measurement of either
will indicate approximately the same performance
characteristics. Actually, 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.. 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.., 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, M and Q.., 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 Q. of a crystal unit is the
most direct factor influencing the activity first be-
came apparent through consideration of the re-
quirements necessary for oscillations 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 |Cyp| < —}f Here, C, and p are both functions

of the exterr;al 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

WADC TR 56-156

Section |
Electrical Parameters of Crystal Units

. degree.) Multiplying both sides by w: |0Cyp| < ';{"’
or -}% < Q.. From this point of view it would

97

appea:r that the change in ,/X, 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(’—
Furtxhermore, 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.., when C; = C, and then steadily de-
creases as C, becomes smaller. Yet the difference

rather than of the magnitude of Q. alone.

between Q. and the starting value of —)‘E— does
X

continue to increase even though Q. has passed

its maximum, for the change in % is less than the

change in the value of |pwC,]|. N(;w, C. and even
more so, C, (= C, + C,), can be considered rea-
sonably constant parameters as compared with ,
during the build-up of oscillations. Referring to
figure 1-108 (F), it can be seen that oscillations

R
that hold in the case of RX-S and p/X,). Since Xy

can be assumed to be relativcely constant, both sides
of the function can be multiplied by X, so that
ng = Zn > |P|’
the amplitude of the oscillations continues to in-
crease. Thus, for a given starting value of o and
with Xr 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, Z, is
called the Performance Index and has been given
the symbol PI. PI, unlike M and Q..., 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

build up as long as =* > 32— (for the same reasons
T

it can be said that as long as
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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 :

X, 1 LC
R o’ (Co + CO’R RCr
o 1Xelt  _ _IMZXg|
- C.\* C.y¥ 1—236(Q1)
R+ g)  (+%)
+ 5 +E

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,/C, is not mistaken for
r = C,/C. It can be seen that the maximum PI
occurs at antiresonance, where C; = 0, so that
(max) PI = |[MXg,|.

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 E,
to crystal power, P, is equal to kQ./I, for circuit
kQ. for circuit (B). As

(k+ 1)1,
long as I, is considered predetermined, the volt-

age-to-power ratio is primarily a function of k
and Q.. Normally, however, it is not I; 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

(A), and equal to

be equal to kX,, and to 'kk' £

T 1
is thus equal to E,/kX, in (A) and to B (1]:x =

in (B). On substitution in the E /P, equation.:,:

k*Q.X,
Ey/P. = ==
2 2
or E?/P, = % = k?PI  Circuit (A)
.. E? k?PI ..
Similarly, P, =kt 1) Circuit (B)

Inasmuch as the power output of the oscillator can
be assumed to be directly proportional to E.?, 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,*/P. equations above
are not affected by the assumption of shunt ca-
pacitances, C,, across the crystal unit. Just as

X! X2
Pl == -2
shunt capacitance is assumed to be increased by

R, = TR the same value holds even if the
C..

Frequency Stabilization Quality 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 1s 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 %%{for the series-

arm parameters L. and C. Resonance happens to
occur at the frequency at which X is changing at
the same rate as X.. Since the rate of change of
X, is a constant, at frequencies 1 :ar 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-
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Figure 1-110. Rates of change of reactance of equiv-
alent series-arm parameters, L and C, with frequency

sign. A relative stability index will be discussed
briefly for each of three general types of circuits:
where the crystal 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

_dX.

ar f = 20L = 2~/L/C 1.—240 (1)

F,

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, Ag, at series resonance is approxi-
mately equal to aX./R. where AX, is a small

@ 2Zc = Rc+jO(WHEN f=1tr)
@ 2c = Rc+jAXe(WHEN f=1r+Af)
Xe ® © = O RADIANS AT fr
aXe
@ oaew~TAN MG —
Re
aXy Rc+jAXe
X ae
R
Re

Figure 1-111. Phasor diagram, showing change in

reactance, AX,, of series-mode crystal required to

produce a small change in phase, Af, where the re-
sistance of the crystal circuit is equal to R,



Section |
Electrical Parameters of Crystal Units

change in the effective reactance of the crystal,
and R, is the total effective resistance in the crystal
circuit (equal to R. of the crystal plus R, of the
external circuit). For convenience, the frequency
is usually expressed in terms of angular frequency,
o = 2#f 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 Af, the de-
nominators of the approximate equations of X,
and R. are approximately equal to unity, in which
case X, ~ 2LAw and R, = R. Thus,

AX, _ 2LAw
MR TRFR
The frequency-stability index can be defined to be
dé 2L
W R+R -2l

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

wdd 2wL
100dw 100 (R + R,)

or more simply:

de R, R. R, 1—-241 @)
The last 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 R, 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
WADC TR 56-156

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 case, it would seem that a frequency-stability
factor for parallel resonance

F, = (2—)5‘ -w=2L/C =F,

would be appropriate—just as in the case of series
resonance—and F, 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 Cr, 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,

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 -Afﬁ is

equal to % If Af, is substituted for af,, and Cr
is substituted for C,, then

[\

f 2Cr
Fx, = af, C
It can be seen that in 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 small L/C ratio. The parallel impedance
would be small, and the net series-arm reactance
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 Af. Al-
though the equation for the frequency-stability
coefficient indicates an unlimited stability if af,
is simply 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 X; 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, Fy,, represents the stabilizing
effect of a crystal for the percentage change in the
reactance of the total effective shunt capacitance,
Cr (= C, + C,). With C, 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 Cr, the larger the ratio C,/C; the smaller
will be the percentage change in Cr 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 C, will be negligible compared to those
in C,. When R is small compared with X,, X, ~
XooXo/(Xco + X,) and the effective frequency-
stability coefficient becomes:

F _ g_e . i _ 2LXCo2 . w(XCo + X-)
Xe do X, (Xco+ X,)? Xco X,
_%L X, _ (G
T X, Xco+ X. AfC,
Since
_f %
Fu=2~T
then
_ Cr _ 2C
Fx. = Fx, C. = CC. 1243 (1)

It should be remembered that equation (1) is
based upon the assumption that C, is constant
: and that any change in X, will be due to a change
¢ in G If G, is effectively increased by a fired ca-
* pacitance, C,, directly shunting the crystal unit,
the effective variable C, becomes smaller. The
effective C,, insofar as the frequency stability is
concerned, will equal Cx — (C, 4+ 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 CAPACITANCE

1-244, The effective frequency-stability coefficient,

b
Fx. = %%, 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. Cr, here, represents the sum of two actual
capacitances, C, 4+ C,, and has a more concrete
meaning than simply a generalized parameter. Fy,
gives the percentage change in X, per percentage
change in frequency. The reciprocal, 1/Fx., 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






2af,

f,
~ 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 =
C./C. The electrical energy is that stored in the
static capacitance, C, and is equal to 1% V3C,,
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
14 V2C. 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

d

/i s
4r

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

maximum pass band of , which in the case

k =

1248 (1)

. C .
2 —_— -
energy ratio, k* should equal C.+ e or approxi

mately 1; However, the capacitance ratio, %’, at

2
resonance can be shown to be IS_ times as large as

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

stored mechanical energy _  ,
total stored electrical energy

|,

Y
C.
1248 (2)
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where C and C, are the equivalent capacitances at
resonance. Since the bandwidth is proportional to
C/C,, so also is it proportional to k:. 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:

<

1 -248 (3)

Crystal Quality Factoer, @

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,

(1.4141,)°L

; = 1°L 1—249 (1)

E, =

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

2
E_LL _L 1249 (2)

P, LR R

It can be seen that for a given wattage, the greater
the L/R ratio the greater will be the amplitude of
vibration. Regardless 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 excellently mounted 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 IR/,
so that

L2wL
I°R

E,
P./w

- Q 1—249 (3)

In 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 _

- E,
(min) ——— oy

P./f
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 —é—\/—r—‘—.

and since the E:Ii

be increased 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 why 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 \/L/C 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

ratio for a given frequency can
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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 smalier 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-
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“what higher values 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 Parameters

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 stability 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 / that over
room-temperature ranges the frequency deviation
can be quite negligible. Aging data‘is still insuffi-
cient, but over a period of six 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 impurities. 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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_are'not uncommon. These effects occur most often
during variations in temperature, and are due to
the fact 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 the 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

f
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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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Figure 1-113. Llarge clockwise angle of rotation of frequency-temperature curve of harmonic-mode A element
caused by small increments (3 minutes of arc) in the cutting orientation angle about the X axis
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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 most 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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_onl hﬂibse crystal units should be used which are
specified by Military Standards to be free of un-
wanted modes over the desired temperature range.

1-265. The overtone modes of the thickness-shear
plemel#ts are more likely to be troubled with spuri-
ous frequency dips of the type shown in figure
1-114 than are the fundamental modes, but a crys-
tal that is erratic at its fundamental vibration
usually exhibits a pure frequency spectrum at a
high harmonic. Indeed, because the frequencies of
the unwanted and the desired harmonics do not
increase in the same proportion, one method of
lessening the probability of interfering modes at
" the higher harmonics is to deliberately cut the
crystal with edge dimensions which favor spurious
responses 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 layers
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 will 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 small 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 therefore 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 1-115 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






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 crystal 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 crystal 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
WADC TR 56-156

Section |
Electrical Parameters of Crystal Units

o | S S S i

F
_s \\ ™
L 8

A

-10 -
A-ETCHED \
20 MIN.

8- ETCHED ﬁ \

-20 BETWEEN

40 AND ) \

90 MIN.

MENBNEEE

2 S (0 20 S0 100200 500 I000

=15

FREQUENCY DEVIATION IN PARTS
PER MILLION

MICROAMPERES PER MM OF WIDTH

Figure 1-117. Frequency deviation versus crystal
current density for two GT-cut crystals which
were subjected to different periods of etching*

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 plate
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. Each 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

WADC TR 56-156

112



crystal 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 gase of fundamental thickness-shear elements,
shgrp negative slopes of the resistance-drive curves
at low drive levels are not as common an occur-
rence percentage-wise as is suggested by the 9-mc
samples in figure 1-116. Much more likely to be
found 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 well 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

1-263. An oscillator 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 REQUIREMENTS 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
T 2, etc). In the
practical case, this latbex? 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 oscillations 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 oscillation
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-

rational numbers (e.g.,

" . pletely transformed into a simple 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 repeated 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 whica 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 oscillators,
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 % ths of the fundamental
or the harmonics thereof do not appear. With the
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: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-

-dition 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
overall 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 umnity, 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:

G1G2G3:~gﬁ'%'£&_l
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:

Ovs + 6uy + 6. = 0 (or 360°) 1—267 (2)
where 6,, is the phase of E, with respect to E,, 4.,
is the phase of E, with respect to E,, and 6,, 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. For 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, 6,, will represent the
180-degree phase reversal introduced by the vac-
uum tube, 4,, 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 stich 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 discussion 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 VACUUM-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
—uE,, where . is the amplification factor of the
tube, and E, is the excitation voltage on the grid.
R, is the plate resistance of the tube, and Z, is
the a-c load impedance. The minus sign of the
generator voltage indicates a 180-degree phase
difference between the equivalent emf and E;. 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-

Ip —»

Ip—»

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 oscillation, 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. R, 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 oscillator
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 —uE,, 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

~nEg

Ep

(A)

(8)

Figure 1-119. (A) Equivalent circuit of vacvum-tube amplifier. (B) Equivalent circuit of crystal oscillators 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,
Z, would need to be resistive. The frequency would
be that at which the plate and feed-back arms
operate as a parallel-resonant tank. There would
be no phase shift in the voltage across Z,, and E,
would be of the same sign as —uE,. Z, 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. Z,,, the plate-to-grid impedance is
the dominant impedance in the feed-back circuit,
and is always opposite in sign to Z, and Z,. In the
ideal circuit, if Z, and Z; are positive, Z,, is nega-
tive, so the current, I, leads E,, and therefore
2-uE,, by 90 degrees. If Z;, and Z, are negative, Z,,
is positive, so I; lags E, 90 degrees. The voltage
across Z,,, of course, would be in phase with E, in
both instances. Since Z, is opposite in sign to Z,,,
E, thus is opposite in sign to E,, and the required
reversal takes place. Note that I, is first rotated in
phase with respect te E;; next E; is rotated in the
same direction with respect to I,.

.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 E; must first be rotated
by an amount exactly sufficient to make up the
difference. Assume first that R, is much greater
than Z,, so that I, can be assumed to be essentially
in phase with the equivalent generator voltage. In
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this case, an inductive Z, causes E, to lead the emf,
whereas a capacitive Z, causes E; to lag the emf.
Unless the effective Q of the feed-back circuit is
very low, Z,, must be very nearly resistive, for the
shift in the phase of E, need not be large. In any
event, the rotation of E, must be in the same direc-
tion as that of I, and E,. For this to occur, the
susceptance of Z, must be greater in magnitude
than the susceptance of (Z,, + Z.). That is, the
reactive component of the current through Z, must
more than cancel the reactive component of I,. The
smal]er’the value of R, compared with the value
of Z,, the more nearly will Z, control the phase of
I,, and the more detuned must the parallel circuit
become in order to obtain the necessary rotation
of E,. If practically all the resistance in the feed-
back arm is between the grid and the cathode, as
is normally the case when E, is developed directly
across the crystal unit, E, 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 E, 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 I, relative to E, and the ideal phase
of =90 degrees. The second angle is the difference
between the actual phase of Z; and its ideal phase
of +90 degrees. If all the resistance is contained
in the large impedance Z,, only the phase de-
ficiency of I, is reflected in the phase of E,. On the
other hand, if all the resistance is effectively con-
tained in the small impedance Z,, ihe effect on the
phase of E; by I, is normally small by comparison
with the effect due to the grid-to-cathode resist-
ance. Expressed in polar form:

E, = ILZ, (6,4 + 0z,) = 1,Z, (0°)

where 6y, and 6z, which must be equal in magnitude

CHARACTERISTICS OF EQUIVALENT-CIRCUIT PARAMETERS

90°*
PHASE RELATIONS 180°
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Figure 1-119. (C) Chart showing ideal and typical phase relations necessary for forced-free
oscillations of the circuit shown in (B)
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but opposite in sign, are the phase angles of I, with
respect to E; and of Z, with respect to I,. Now,
letting 6, equal the phase of the total feed-back
impedance, (Z,; + Z,), with respect to the current
through it, and 9, equal to the phase of E, with
respect to E,,

we have 01-;8 = 0[,‘ + 02“ =0
and oEp = olg + olpk(-
so that 0;.;1, = HZmzc - 92‘{ 1—270 (1)

Since 65, is opposite in sign to 6z, these two phase
angles add numerically. If it is assumed that Z,; is
approximately six times the magnitude of Z;, but
that all the feedback-arm resistance is between
the grid and cathode, the Q of Z,,. will be approxi-
mately five times the Q of Z,. Under these condi-
tions the rotation of E, from the ideal value of
—180 degrees is approximately 20 per cent greater
than the deviation of —§;, from its ideal value of
+90 degrees. If Z, represents the effective imped-
ance of a crystal unit in parallel with the grid-to-
cathode capacitance and resistance, the minimum
rotation of 6z, occurs when the effective Q of the
crystal and its shunt impedance is a maximum,
provided Z,, > > Z,. Similarly, if Z,, 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
0g, 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 R,
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 E, with respect to E; and
—uE; is determined entirely by the parameters of
the feed-back arm. As long as oscillations continue,
variations in R, or Z, can only change the phase of
E, 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 Z, 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
Z,, could be assumed for the tank regardless of the
variations in Z, 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 E, is entirely determined by the
over-all Q of the feed-back circuit and the Q of the
grid-to-cathode impedance, Z,. The phase angle,
0x,, 1s given by equation 1—270 (1) as being equal
to (6zpec —02z;). Let us now assume that (6z..
—@0z:) is determined by an imaginary over-all Q
of the feed-back circuit. This we define to be

Q= | cot 05, | = | cot (Ozpee — 0z4) |

tan Gz,,,, tan aZr( + 1
tan OZDR': — tan 021

= prc Qx -1 - Q;»gc Qx
Quee + Qe Quee + Qe

It can be seen that if either Q,.., the actual eifec-.
tive over-all Q of the feed-back circuit, or if Q,,
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 E, and
—uE;, the ratio of Z, to the total feed-back imped-
ance, Z,., is less than 1 by an amount which in-
creases as the ratio of R,/Z, decreases. In other
words, the ratio of the r-f current in the plate cir-
cuit to the r-f current in the grid circuit increases
as R, decreases.

c. The value of R, /Z,, is partly a function of the

. Z
ratio —Z"f-

R, >> Z,, so that E,/uE, (

1—-272 (1)

E,/E,. Assume, for example, that

L \_Z.
=R, + ZL)~ R, Also

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

E,/pE¢ ~
P
smaller component of the total voltage across the

%{—L. In other words, as E; becomes a



feed-back circuit, E, cannot decrease in the same
proportion, else each succeeding cycle would be
weaker than the one before; so the ratio R,/Z,
must decrease. Part of the change is due to the
increase in Z;, and part is due to a decrease in R,.
If it is assumed that a large percentage change in
Z, causes only a small percentage change in Z,
then Z, remains essentially constant in magnitude
and R, becomes the principal variable. In any
event, as R,/Z,, decreases, the effective Q of Z,, as
represented by an equivalent resistance and react-
ance in series, must increase in order to compen-
sate for the increased phase shift of I,,.

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, R, and x 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, aithough 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 use of gridleak rather than fixed
bias. From the point of view of phase rotation, the
conductance of the gridleak somewhat decreases
the Q of Z,, 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 R, and g, of the tube are readily adjusted to
new equilibrium values, s0 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
WADC TR 56-156
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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 practical 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 {requency
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 mc. 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 thke 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 mc, overtone crys-
tals are necessary at these higher frequencies.
However, the shunt capacitance, C,, 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, C,/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 C,, 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 mc is not very common. One example is
to be found in Radio Set AN/ARC-1A. 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 mec 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, both qualitatively and mathematically, con-
siderably more detailed than that of the other
types of circuits. Space forbids as comprehensive
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 R, and R, 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, R,, 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 R,;; otherwise, power approximately
equal to I,’R, is simply wasted (I, — 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 Z,, 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, must be
approximately equal to, or greater than, Z, and Z,
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 Z, 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
R, 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 R, and the negligible
plate-to-grid capacitance serve to improve the fre-
quency stability. The oscillator is generally used
at frequencies above 200 k¢ and below 15,000 kc.
If an overtone mode is tc be excited the oscillator
must be made frequency-selective, by replacing R,
with an inductor, L,. The inductance of L, must be
such that the antiresonant frequency of L, in par-
allel with C, is lower than the operating frequency
of the crystal, in order that Z, 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
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bypassed to ground than would be the case 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.
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Figure 1-120. Diagrams illustrating the equivalence
between the Pierce circuit and the Colpitts circuit
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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, C,. 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 C, is 32uuf, although at frequen-
cies under 500 kec, values of 20 puf are common.
In particular instances, still other values of C, are
designated. To a first approximation, referring to
figure 1-121 (A), the crystal unit operates into a
load capacitance equal to C,, plus the total of C; in
series with the parallel combination of C,, C,., and
the effective inductive impedance presented by the
vacuum tube. Since the Q of the feed-back arm is
not infinite, E,, it will be recalled, must be rotated
slightly away from —uE.; the direction is such
that for a particular frequency C,. 4+ C, must be
slightly larger than would otherwise be the case.

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 C,. (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 Z,.
At equilibrium, the tube can be represented by an
equivalent inductance, L, in parallel with a nega-
tive resistance, pr, as in figure 1-121 (A). Note
that pr is smaller than , of figures 1-121 (C) and
(D). This is because pr is not connected directly
across the crystal, but faces an impedance, ap-
proximately Z,, that is less than the crystal PI. In
figure 1-121 (B), L has been replaced by an
equivalent negative capacitance, C,. If C,, can be
considered negligible, X,” and R.’ are equal to X,
and R,, the equivalent parameters of the crystal
unit alone; otherwise, the values of X’ and R,’ are
based upon the assumption that the shunt capaci-
tance, C,, of the crystal has been increased by an
amount equal to C,,. In figure 1-121 (C), C,
(= Cp + C)) and C, are shown combined into a
single plate-to-cathode capacitance, C,”. In figure
1-121 (D), C,” and C, are represented by a single
load capacitance, C,’. If C,, is negligible, C,’ be-
comes the equivalent load capacitance, C,, into
which the crystal unit operates, and it should be

C,=CD¢+C(

17T 1 1

B +
1 , 1
- X X
Ca = GL pr = (__;__C) , 1
| emme |
T
, (X.")? *
CP=CD+Cn -p = Rg')=_§:—=PI

ta)

{

cp

S —
2

3

(8)

l 0 X'
Xe ce * 4
% p = Cx g P
R'e T o] R'e
fc) (0)

Figure 1-121. Generalized Pierce oscillator. X,’ and R, are the effective impedance parametefs of the crystal
unit based upon the assumption that C,, is a part of C,. C. is an equivalent negative capacitance having a
positive reactance equal to that of Lr. I, is the r-# plote current of the vacuum tube.
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and I, cannot be greater than 90 degrees, for the
simple reason that E, is a counter emf produced
by I, flowing through an equivalent impedance,
Z., which has no component of negative resistance.
There is another limitation in that the rotation of
I, with respect to —uE,; cannot exceed 90 degrees
minus the necessary rotation of E, with respect to
—uE,. Otherwise, the necessary rotation of E,
cannot occur. As this extreme is approached, Z,
approaches a pure reactance approximately equal
to Xc,, I, approaches a 90-degree phase lead over
E,, and the apparent Q of the entire plate circuit

(approximately Z,/R,) 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, Q,. Also shown are
the limiting Q’s of Z, and (Z, + R,); which re-
spectively determine the phases of I, with respect
to E, and —uE,. In the last column are shown the
limiting values of C, which are discussed in the
following paragraph.

With Respect to: Q of:
Ca
(Approx)
E, —nE, Z, R, 4+ Z,
Angle of E, at all times 0° tan-'(1/Q,) C —l+L
® ) *\Q¢ " R, + R,
Minimum angle of I, tan-1(1/Q,) 0° 1/Q, 0 —-C,/Q¢
. o _ C.R.
Maximum angle of I, 90 tan—-1(Q,) ) Q, - R—"—-
» + Re

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

an(52) = (a) *

X
ta —1 ZL )
& (Rp + RZL

where Xz, and Rz, are the absolute values of the
equivalent series reactance and resistance whose

vector sum is equal to Z, ; tah-’ (QL) is the un-
L

signed phase difference between E; and —uE,, and

tan—!? (ﬁ—) is the unsigned phase difference
ZL

in the opposite direction between I, and —uE,.
From equation (1) it follows that

R = [ () + = (535

1—281 (2)

1—281 (1)
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On applying the general trigonometric equation
for the tangent of the sum of two angles

_tanx+ tany
tan (x +y) = 1—tanxtany
Letting tan x = 1/Q;and tany = E,—-{-_z;i—zn’ equa-
tion (2) becomes
1 XZL
Xu _ Q' Rp+ Ra
Rz;, 1 _ in
' Q (Rp + Raz)
Rp + Rz.. + Ql Xz._ 1—281 (3)

- Q( Rp + Q( RZL - xz:.
On rearranging, equation (3) can be expressed as
an equation for R;:
Rp = sz. + xz:. = Z[.2
Ql xzx. - RZ& Ql xz:. - sz.
1—281 (4)




. X
-7

§ i%ca Px

Figure 1-122. Generalized Pierce oscillator. Xz, and

X.. represent the positive magnitudes of the equiva-

lent reactances of the load and the dynamic effects

of the tube, respectively. pr is the same as the p, in
figure 1-121

Note that for oscillations to be maintained, Q.Xz,
must be greater than R, else R, becomes nega-
tive. Referring to figure 1-122, the effective ad-
mittance of the Z;, and Xc, branches in parallel is
1 1
equal to g — 1%, * 7%
it can be shown by straightforward manipulation
that if the reactive component of the admittance is
to be zero

. From this expression

Xco X = RZL2 + XZL2 = ZLz 1—281 (5)

On substitution of equation (5) in equation (4)
and rearranging

R
Xco = R, (Q. -3 ) 1—281 (6)

The values of C, as listed at the end of paragraph
1-280 are obtained from equation (6) by substi-
tuting the values of Q, and Rz./X; when these
are expressed in terms of the basic circuit param-
eters. In paragraph 1-289, it is shown that at
equilibrium:

Xop + Xeg+ X, + BeXo — 0 1289 3)
P

The term, 5%9‘-. accounts for that part of the
(]

negative capacitance which is necessary to com-

pensate for the phase shift in I, but not for that

part which compensates for the phase shift of E;.

For example, if R, were infinite, the phase shift

of I, would be zero, and likewise the term, -B’—;EQR,
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in equation 1—289 (3). Nevertheless, E, must still
be rotated by an angle equal to tan“gql , 80 that

the tank cannot actually be paral elt-resonant.
Some value must be assigned to the negative ca-
pacitance, for the apparent resonance to hold in
the generalized negative-resistance circuit. Now,

Z. = Zn pre
Z, + Zpge
Letting
'ZP = jXCp
and
Zplc = Re + j(xe + sz)
. R, X
. =R, - (x _C»)
J Cp + Rp

we can express Z,, as a complex function equal to
Rz, — )Xz, where X, is still assumed to be un-

signed. Thus,
. . R R,
iXcp [R. — iXcp (—%)]

(complex) Z; = -
]XCpRa

R, — 420%e

R,

On multiplying both numerator and denominator

by (R, + %&) , we find that

P

RZL = chz = Xsz
= (1 ch2> R, 1—281 (7)
e (1 + R’
) P
and
Xy
|xcp|[ R+ 23 (Rp+Re)]
Xz,, = xp 2
R, (1 = )
+ sz
_ [ Xeo | RaRy + Xop®) 1—281 (8)
R.R,
So
Rz:. = | XCp I sz
X2z  RR? + Xt R, + Ry)
Xcp | R
| Xcp | Rp 1—281 (9)

" RR, + X&'
Also,when assuming that the grid losses are negligible,

xe + X(“ I XCLl (Rp + Re)

U=—7— = R, R,

1281 (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 =
Rp + Ro sz
l x(.'p l - 2
RQ Re Rp + xCp (1 + Re/Rp)
XCn = l XCD |

[R XCp (1+R0/Rp) +R ZR +‘R XCp (1+R0/Rp)]
RZR, + R.Xc,2 (1 + R./R;)
1—281 (11)

Equation (11) is obtained by using the exact
values of Rz /X, and Q; as given by equations (9)
and (10). Although the equation for X¢, involves
_the difference between two nearly equal terms, the
error introduced by using the approximate values
of Q; and Rz./Xz. is negligible for all practical
purposes as long as R, >> R..

Now,

1
WXCn

Co= -

S0, on substitution of equation (11),

Cu = - Cl‘
[ R.’R, + R, X¢,2 (1 + R./R}) ]
R, Xc,’ (1+R./R,) + R’R, + R.Xc,” (1+R./Ry)

1—281 (12)
In the practical case, R, is much greater than R,

and X ! is much greater than R,!, so that the ap-
proximate equation for C, becomes

RZR, + R, X¢,*
Co= - Cp| =257 "]
p[ Rp (XCp2 + Rez)

1 - R,
--o(gt B

The last term on the right inside the parentheses

1—281 (18)

2
is obtained by assuming that T#H is more
Op + Ro
nearly equal to R—ﬁf—ﬁ- than to 1. We make this
assumption arbitr;rily efor the convenience in re-
membering the limiting values of C,. That part
of C, which is necessary so as to compensate for
the phase shift of E, with respect to —uE, is ap-
proximately equal to —C,/Q,'; whereas the part
necessary to compensate for the phase shift of I,
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with respect to —uE, is approximately equal to

ﬁz%i. It is this latter component that is ac-

counted for by the term,z—cﬁ’&, in equation 1—289

(3). By equation (12), w}';en R,/Z, approaches
infinity, the limiting value of C, is found to be

= _Cp sz — "Cv
)(Cp2 + Rez - le

Ca 1—281 (14)

Rp/Zp > =)

When R,/Z, approaches its smallest possible
value, the ratio Rz /X, becomes negligible com-
pared with Q,, so that X, by equation (6) is ap-
proximately equal to Q,R,. Substituting equation

Xz
10) for Q,, we have, when [ = ___
(10) for Q; ave, whe (R TR Q:)

-1 -1
C. = X =~ wQR,
R,
"’l xCpl(Rv + R,)
_ =GR, .
- ToE 1—281 (16)

As indicated in figure 1-121, the total effective
plate capacitance is

, _ _ 1 R
C, -c,,+c,.-c,(1 = R,,+R.)
1—281 (16)

When R, >> Z,, the Q of Z,, approaches 1/Q; in
value and

C,'zC(l—-—-)

When R, is small compared with X¢,'/R., then
Rgz./Xz. becomes small compared with Q, and

1—281 (17)

C., R
C'l~_—2B_"° 1—281 (18
R, (18)

R, is normally much greater than R,. Only low-
frequency crystals have effective resistances
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 C,, the static plate capacitance,
except when considering problems of frequency
stability. What is important to note in the limiting
equations for C, is the fact that if the tank is to



be operated well off resonance, R, becomes quite
an important factor in determining the frequency.
In this case, because C, 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 —xE,. Inso-
far as the gridleak is effective in increasing the

necessary phase shift, Q, = l(—'%&‘ cannot be

assumed, and the complete equatfon 1—272 (1)

must be used. :
THE EFFECT OF R, UPON THE

FREQUENCY OF PIERCE CIRCUIT

1-282. It can be seen that for large values of the
R,/Z,, ratio, C, is small and its percentage varia-
tion with changes in R, is smaller still. C, is, effec-
tively, a frequency-determining parameter, but
more exactly it is a mathematical function that in-
directly expresses the effect of R, and Q; upon the
frequency. The smaller the Q; and R,, the larger
is C,; and the larger C,, the greater is the effect
of R,. Since R, is subject to change with changes
in the tube voltages, tube aging, and the like, it is
important to keep C, as small as possible. This can
be done by designing the circuit to operate with
as high of value of tube R, as is practicable. For a
given tube, the higher values of an effective R, 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 gridleak is to have a negligible
effect on the effective Q,, and hence upon C,, 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 R,
occurs when —uE, is just sufficient to maintain
oscillations. If the vacuum tube could operate into
a pure resistance, I, would be in phase with —pE,,
and R, 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 is 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 X, then I, undergoes no phase
rotation, and changes in R,, although affecting the
activity, will have little effect upon the frequency.
With I, in phase with —uE,, the Q of Z, must equal
1/Q,, and the operation of the tank is the same as
it would be if R, were infinite. If Q, is reasonably
large and is approximately equal to |Xc¢,/Rel,
Ru = Zy = Xsz/Re = ( XCp |Ql
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X s ixg

Rp -ixz,

-u€g Rz

Figure 1-123. Coil inserted in plate circuit of Pierce
oscillator to prevent phase of I, from being influenced '
by changesinR,

Since
X2/ Rz, = 1/Qq

X, is approximately equal in magnitude to Xc,.
Thus, for the vacuum tube to look into a resistive
load, the inductor should have a reactance approxi-
mately equal in magnitude to X,,. 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 R, upon the frequency by the introduction
of a plate inductor in series with the tank appears
to be equivalent to the qualitative condition that I,
must be held in phase with —uE,. 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’, to.phase-stabilize a Pierce
circuit. ‘

Conditions for Maximum R, in Pierce Circuit
1-284. Referring to figures 1-119 (A) and (B), we
shall begin with the assumption that the tank is

. 2
operating near resonance so that Z, ~ ER"— , Where

R. (not shown) is the effective resistance of the
crystal unit whose total impedance is represented
by Z,.. Z,, therefore, is very nearly resistive, and
I, is approximately equal in magnitude to the cur-
rent through Z,.

Thus, I, = E,/Z,
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E, Z,
Z,
Z

Rearranging, E,/E, = -ZL = C,/C,
( 4

also, E, = I, 2, =

In the interest of maxium stability it is desirable
for R, to be a maximum. The problem is to find
what capacitance ratio, C,/C,, permits the largest
possible value of R, 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, E, ~ I, Z,, also has an upper
limit, since Z, (= Z,; — Z;) has a theoretical maxi-

mum equal to pZ, = f—i"f ~ ;%, which is ap-

proached as R, approaches zero. At the other ideal
extreme, Z, and Z, approach zero and the R,/Z,
ratio becomes very large. Now, a large R,/Z, is
desired, but some compromise must be made, since
the Q of the feed-back circuit becomes increasingly
small as Z; approaches Z,, in magnitude. A rigor-
ous treatment of the problem to find that relation
between R,/Z, and Q; thai 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 R,, indicates that the percentuge deviation in-
creases directly with the first power of C,, and
inversely with the second power of R,. This sug-
gests that the stability increases as long as C;/R;?
decreases with an increase in C,, and is a maxi-
mum at the valve of C,, 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 ., R, or g, 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 qualitative 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, E, = I, Z;,
WADC TR 56-156

= PE: = “Epzl
R, + 2, Z,(Ry + Zy)

HEZ,Z,
Zp(Rp + ZL)

or uZ, 2y, — RyZ, = 2,7,

On substituting (R,g.) for ux, where g, is the
transconductance of the tube,

And I,

SoE, =

RpgmzszL - szp = ZDZL

_ 2,2,
or Rp = — 1—284 (1)
ng‘ZL - Zp
Dividing both sides by Z,, we have
R _ Z, - 1
ZL ng;ZL - Zp ng;ZL -1

Z,

Our present concern is to seek the largest practical
value of R,/Z,, so that the phase of I, will be least
affected by small changes in R,. Now, Z, ~Z,, — Z,,
where Z, represents the predetermined crystal
impedance, which is approximately equal to X..
Also, Z;, ~ Z,;*/R,. On substitution of these values
in the equation for R,/Z,, it is found that

R, R, ~ R

Z,  8aloZe — R, 8.Zl, — Z,5) — R,
1—284 (2)

It can be seen from equation (2) that for oscilla-
tions to be maintained gm (Z,,Z, — Z,*). must be
greater than R,. A maximum R,/Z, ratio is'
approached as the product g, (Z,; Z, — Z;*) ap-
proaches the value of R.. Of course, it is impossible
for the denominator in equation (2) to be actually
equal to zero, for then R, 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) g,,, = R. - &
" ZoeZy — sz Z,Z,

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 g, ? Assuming that



(R,/ZL) >> 1, the equation, I, = _.LEI_' can be
Ry 4+ 2,

written approximately I, = n.E,/R, = gnE,, or
gx = I,/E,. A large g, 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, Z,, or the grid
impedance, Z;, must be made small if the equation
is to hold. A small Z, (large Z,) means a large
Z, and also a large E,/E, ratio. Both consequences
are incompatible with a large R,/Z; ratio. The
former is obviously so, and the latter is implicitly

80 because the ratio of E,/E, times B‘Lg:é
L

= %E‘) must equal x. Every increase in E,/E;

t erefo';'e requires an approximately proportional
decrease in the R,/Z, ratio, insofar as u can be
assumed to remain constant. On the other hand,
a large Z, and small Z, permits a large R, /Z, 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 R,/Z, ratio; the most important of which
is that the Q of the feed-back circuit rapidly de-

creases as Z, is increased, since Q, N—Z-KR':—ZI. Also,

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 Q;. 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 X, reduces Q; to one-fourth Q.. Since the
purpose of a large R,/Z, ratio is to permit the
entire plate-circuit impedance (R, + Z.) to ap-
pear as nearly resistive as possible, the better
stability risk is to operate the parallel-resonant
oscillator with small rather than large I, and g..
Since we are assuming that g, ~ I,/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,/C,, permits the smallest possible
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gm. By equation (3), g. ia 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, (Z, + Z,) is also a constant.
Thus, the product Z,Z, can easily be shown to be
a maximum when

Z, =2, =1,/2

A ma);imum operating R, and a minimum I, with
a given excitation voltage can thus be obtained
when the capacitance and voltage ratios are

1284 (4)

Ep/Ex = Cc/Cp =1

It is quite fortunate that g,, has a minimum value.
At all other operating values a small change in

the -g-‘- ratio causes g, and R,, and hence the fre-

quenc;', to change. At the minimum g,, the rate of
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 ./R, is
substituted for g, it can be shown that

Xep Xo + Xcp X + uXcp Xce
R,

Rp =
1284 (5)

Note that R, as long as . is constant, is inversely
proportional to R.. Now, approximately

Xcp = = (Xo + Xoo)

Substituting in equation (5), R, becomes a func-
tion of X,, R,, u, and X¢,. Assuming that the first
three parameters are constant, it can be shown
that R, is a maximum when

__Xwt2) X, 1
Xee= ~ 2wt D 2(1+u+1)
1—284 (6)

If (» + 1) >> 1, equation (6) states approxi-
mately the same conditions as does equation (4).
If u is small, equation (6) should be accepted as
the more accurate in computing the optimum
C,/C, ratio, since a minimum g,, coincides with a
maximum R, if the d-c plate voltage is kept con-
stant. The capacitance ratio and values corres-
ponding to equation (6) are

C./C, = B

p+2 l—f284 )
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or
_26.(w+ 1 .
€=+ -2 @)
and
C, = w 1—284 (9)

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) R, = (w+ 1) Z, 1—284 (10)
. 1 1
(min) g, = Z_L — E‘, 1284 (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,/C, ratio is

equal to one rather than —L— 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,/Z, is a
“practical,” not a “mathematical” maximum in the
sense that a curve of R,/Z, rises to a peak and then
decreases. The curve of equation (2) plotted against
Z, 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 g, sufficiently large for R,/Z,, to be posi-
tive, the curve does have a true minimum, not a
maximum, at the point where Z,Z_ 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 Z, = Z,. 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 g,, minimum g,
and maximum R,, are all coincidental. From the
point of view of frequency stability the real in-
terest is in the maximum R,. From equation (10)
it can be seen that the magnitude of the maximum
R, will increase with u; but remember that this
value of p is the minimum oktainable with a given
tube and E,. As will be discussed more thoroughly
in paragraphs 1-294 and 1-293, an oscillator vac-
uum tube cannot be operated so that x 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.I, curve is not feasible in gridleak oscillators.
Understand that if equation (7) holds, equations
(10) and (11) automatically hold. x in each equa-
tion is the effective » when equilibrium is reached
and is not the starting .. It is the minimum u that
can be obtained as long as the crystal resistance,
R., and the total load capacitance, C,, remain con-
stant. Because R,, g,, and u 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 C, or C, will cause the
frequency to change, and the tube parameters will
vary. For instance, g, will tend to vary directly
with both C; or C,. Only when C, and C, 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 Z,, by substituting from equation
1—284 (4), the minimum value of g, becomes,
approximately, ‘

R.
7 1—285 (1)

(min) g, =

Since Z,, is the crystal impedance, appro;(imately
equal to X,, the minimum value of g, can be ex-
pressed as

. 4
(min) g, = PI 1—285 (2)

where PI is the performance index. Using a one-
to-one capacitance ratio and a vacuum tube of high
R,, equilibrium will be reached at the value of g,
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 oscillator, the C,/C, 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 I,
must not exceed a valune that would cause the
power dissipation in the crystal unit to exceed the
specified drive level. If the output of the oscillator
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,/C,, must
be as large as practicable. The larger this ratio,
however, the smaller will be the excitation voltage
for a given I,. The smaller the excitation voltage,
the smaller will be the gridleak bias, and conse-
quently R, will be less whereas g, and x will be
greater. An examination of equation 1—284 (3)
reveals that the required magnitude of g,, becomes
very large as Z, approaches the value of Z,, of the
crystal unit. Where a relatively large frequency
deviation can be tolerated a large R, 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 C,/C,
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,/C,
ratio because of the limitations on the crystal drive
level and the load capacitance, C,, and are not due
to the fact that the Pierce or Colpitts type of cir-
cuit is inherently more active when the C;/C, ratio
is a maximum. To the contrary, with a fixed
C,, maximum amplitude of oscillations is to be
obtained when C, = C, = 2C,. Where a larger
than minimum power rather than voltage output
is required, this can probably best be achieved
when C,/C, lies between 1 and 2, and in this case
a larger g, 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, Fx., of the crystal
unit is defined as the percentage change in X, per
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percentage change in frequency. By equation

2

1—243 (1), Fy. = %C—g

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,

. The reciprocal, 1/Fx,, is

o _do_ 1 dX,_ _ 1 dC,
f— w B er Xx h FXe 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,"_*.—Cé—- where C,’ = C, + C,. (See figure 1-121
(C).) If it is desired to find the fractional change
in frequency for a small change in, say C,
equation (1) can be used by expressing dC, as a

function of dC,’, thus: dC, = dC,’ - gg:,
With
C, C
then
ac, _ __ C¢
dC,’  (C,’ + C,)’
and
dC,  CZdC, c, C,
C. /) +C)x/ C/¥cC,

C, dC,’ C.

= = - dC,’
C/ (G, +Co (C)) g
On substituting in equation (1) .
df 1 C, ,
=" e . __(C,,’)z dC, 1—287 (2)
Likewise,
df 1 C,
—f-—— —‘F—xa'c—: dC, 1—287 (3)
In the event that C,” == C, = 2C,
Equations (2) and (3) become
df dc,’
-—f- = A F. 1—287 (4)
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and
df - dC,

f = 1, 1287 (5)

1-288. When a more detailed expression of the fre-
quency deviation is desired C,’ can be replaced by
(C, + C.), and C,, 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 dC,’ and of dC,
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 R, of the vacuum tube.
Let it be assumed that C; = 2C,. The most appro-
priate equation to begin with is 1—287 (4), since
dC,’ can be expressed as a function of dR,. The
problem is to determine the function that gives
the change in C,’ due to an infinitesimally small

change in R,, and to substitute that function for
dC,’ in equation 1—287(4). Since dC,’ =%%‘--dR,,

the first step is to determine dC,’/dR,, an(f then
simply to multiply this by dR,. Now, by equation
1—281 (16),

, C, Re
O = G = G/ — =
SO
dC,’/dR, = C,R./(R, + R.)?
or
C, R
dC,’ = —=2"= __ . dR 1—288 (1
(R, +R,) > @

Substit'uting this function for dC,” in equation
1—287 (4) :

dd _ _ __GR.  dR,  os3(2)
f 4(Rp + Rg)‘ FXe

Note than an increase in R, causes a decrease in
the frequency. It should be weil understood that
the equations above are only rough approxima-
tions. For example, one of the approximations in
equation (2) is the assumption that R, and R,
are independent variables, which, of course, is not
true. However, the direct effect of a change in R,
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upon the frequency can be considered much greater
than the indirect effect due to a change in R, re-
sulting from the initial change in frequency. The
differential element, dR,, in equation (2) can, in
turn, be expressed as a function of an infinitesimal
change, dE,, in the d-c plate voltage. The general
equation for this function is dR, = g%‘ +dE,. How-
ever, the derivative term, dR,/dE,, 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 R, with a change
in E,, assuming a constant grid bias, the change in
grid bias due to the change in plate voltage, and
the change in R, 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 AC; = 1uuf,
the fractional change in frequency would be given
approximately by equation 1—287 (3) if we were
to substitute —1uuf for dC,.

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, 80 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
Z; = Xy .
Z,,= R, + jX,



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

L=—"Dp
*t zZ.+2
PE { 4

rather than by the simplifying equation

I, = Ep/zn

For either the Pierce or Miller circuit, the condi-
tions for stable oscillation are expressed by the
equation

ZP (ZDl + Zl)
EmnZpyZ¢ + 2,

where Z, = Z, + Z,, + Z,. Equation (1) is similar
to equation 1-—284 (1) except that in the derivation
of equation (1) I, is expressed by its exact func-
tion and the impedances 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, R, =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 = O and R = R, 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 R;:

~-R, = 1289 (1)

_ Xep (Ko + Xoo)
R. — &m XCD XCI

R, 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:

Re XCD _

xCp+XC‘+Xe+ R
P

0 1-289(3)
When this equation holds, the loop phase shift is
zero. Whereas equation (2) is said to define the
feed-back energy requirements, equation (3) is
said to define the frequency requirements, Note

that in equation (3), the term R‘—;{ﬂ is equivalent

to the reactance of a dynamic cap;citance

_GR,

C4 R.

1--289 (4)

which can be imagined to be in series with C,. The
capacitance of the combination becomes

C, Cq C, R,

G =G+ C R TR

1289 (5)

which is exactly the same as the small-R; value
of C,’ in equation 1—281 (18). C, is thus a positive
series dynamic capacitance equivalent to part of
the negative parallel dynamic capacitance C,.
Equation (3) indicates that as R, increases in-
definitely X, + X¢g -+ Xe — 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 R, increases indefinitely, the
frequency becomes entirely determined by the
tank-circuit parameters. In the limit, X, 4+ X, =
—Xc,- As this state is approached, the impedance
of the feed-back arm can be represented as

Zoee = Re + jXpee = Re — jXcp

The impedance of the tank circuit is

ZL = Zpgc Zp = (Re - ijp) jXCp
Zp:c + Zp Rc - ijp + jXCv
Xk .
= —Zb + JxCp

The real component, X.?/R,, is equivalent to Ry,
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and the imaginary component, jXg,, is equivalent
to Xz.. Thus, the tank circuit does not appear as a
pure resistance in the limit, but approaches an
effective

Q= XZI. _ IXCp I - Re
RZL XCp2/Re l XCp '

- R _ 1

T Xe— Xeg | Q

This is the same effective Q as was determined
qualitatively from the viewpoint of phase angles.
The term R.X.,/R, in equation (8) 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 lgad reactance across
the crystal terminals is X, = —1/uC; = X¢y + Xy’
which is always slightly greater than (X¢, + Xcp).

CAPACITIVE ELEMENTS IN DESIGN OF
PIERCE OSCILLATOR

1-290. It was declared that equation 1—289 (3)
defined the frequency requirements of a Pierce

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 C, and C; in series to a
first approximation. With C, and C; decided upon,
approximate values of g,, 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 g. coin-
cide with the maximum and minimum expected
values of R., respectively. Next, assuming that
Zm =~ I,/E,, and that E, = I;X,, where I, is the
crystal current, a vacuum-tube and plate voltage
are chosen which will provide a maximum R,, 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 C, and C,, it is first necessary to
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Figure 1-124. (A) Conventiona! Pierce oscillator and buffer-amplifier circuit. (B) Static capacitances of circuit
(A). C, = interelectrode 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, C;/C,, cannot be achieved. The static capaci-
tances to be considered in a conventional Pierce
oscillator are illustrated in figure 1-124. Before the
optimum values of C, and C, 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. C,
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 less the 0.02 percent,
the choice of grid and plate circuit capacitances
was largely a matter of trial and error. Usually,

ACTIVITY

PLATE - CIRCUIT CAPACITANCE , Cp
(ai

FREQUENCY

PLATE -CIRCUIT CAPACITANCE, Cp
(8)

Figure 1-125. Variation of activity and frequency in
Pierce oscillator as plate-circuit capacitance is
increased
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the final choice was based upon the cormbination
that provided the maximum activity for a given
d-c plate voltage. For example, if the grid-to-
cathode 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 X, 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, C,
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 oscillator.
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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Figure 1-126. Equivalent network formed by the stray
static capacitances of a vacuum-tube circuit. A mini-
mum of three different measuremants is required.
The individual capacitances can be determined by
solving simultaneously any three of the nine equa-
tions above when the respective terminal capacitances
are known

* Generalized equation for a measured terminal

capacitance (Cyy = Cpg, Coc, or Cpr) when either

C., or C,., one of the two respective series-branch

capacitances, is shorted 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 ary 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:

C,, C
1 = C,, pe_ Upe
(Ist) Cqc g + —Cm +C.

(2nd) Coc = Cpe + Cp
(3l'd) CGC = Cgc + Cpo

Theoretically, 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,,, C,., and C.
determined, the lumped capacitances for both grid
and plate circuits can readily be determined.
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BIAS 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 R, with & 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 & vacuum tube that
is not being driven to saturation, the effective R,
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-
ing 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

Iem = ® where P., is the maximum permis-
sible driveml‘evel in watts, and R, is the specified
maximum effective resistance when the crystal
unit is operating into its rated load capacitance.

The maximum grid bias is thus

2P
E.=-2, |2

1—293 (1)

wC
grid and cathod ..‘ t was found earlier (paragraph
1-284, equation 1—284 (8)) that a maximum R, is

to be had when C; = 2Cs ( ) 1) , or approximately

I
when C; = C, =~ 2C,. Equation (1) under these
conditions becomes

where Z; [ ~ -—1-? is the r-f impedance between

_ V2 Pem
2"’ C’ vV Rcm

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.... 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

(max) E, = 1—293 (2)



a conventional Pierce circuit, C; and C;, should
each be made equal to 2C,, or if the amplification
factor is small, C,/C, should be made equal to

, with the total capacitance in series made to

gqua] C.. With the capacitance so determined, the
plate and screen voltages can be adjusted to give
the desired output and excitation voltages. Since
E, = E,, the output voltage is also effectively lim-
ited by the crystal specifications. With C;, = C, =
2C,, (max) E, = .707 (max) |E.|, where (max) E,
is the maximum r-m-s value of E,, 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
long 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 rormally leads to the oscilla-
tions dying out all together. This is because the
average amplification of the positive 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. I, curve at which stable
oscillations can be achieved with fixed bias. For
minimum grid losses, the peak of the maximum
excitation voltage must not exceed the fixed E_

in the Pierce oscillator is to operate the tube just
above the knee of the E ]I, curve (see figure 1-127).
(E. and I, 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 C,/C, ratio of the
external circuit is such that the oscillator is to
operate at the minimum g,, 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.I, curve. The low
transconductance can readily be achieved by using
a remote-cutoff tube, but the amplitude stability
will 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
essentially 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 C,, would mean that the voltage ratio,

8in Rp ZL

E,/E; = C;/C, = R, + Z,
P

= g ZL'
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must become smaller. Since E,/E, varies inversely
with C, whereas Z,, varies inversely with C,%, an
increase in C,, as long as R,>> Z,, requires g, to
" increase proportionately in order that equilibrium
may be re-established. In other words, an increase
in C, must cause the excitation voltage to decrease.
Conversely, a decrease in C, causes g, to decrease
and the excitation voltage to increase. R, 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 g,, is approxi-
mately proportional to the change in C,. If C, is
constant, but C, is varied slightly, Z, will be ap-
proximately constant, so that g, must also vary
directly with C, in order for equilibrium to be
maintained. Therefore, the changes in the excita-
tion voltage with changes in C, are similar to those
with changes in C,. When C, and C; are varied
independently the total load capacitance C,
changes, and hence the frequency and X, also
change. If, during tuning adjustments, C, and C;
are varied so that the same total capacitance is
always maintained, then, in the region where C,
~ C, the change in C, is approximately equal but
_ opposite to the change in C,. In this case g,, 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 C; fixed, g,, must in-
crease as the capacitance ratio is varied to either
s.de of its optimum value. When C./C, is made
greater than one the change in g, and the excita-
tion is greater than when C;/C, is made less than
one by an equivalent proportion. (e.g., Ag. is
greater when C./C, is changed from 1 to 2 than
when it is changed from 1 to 1%4.) An increase in
g., 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, Z,, 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 R,, which, in turn, coin-
cides with a maximum excitation voltage and
minimum g,,..
1-295. According to equation 1-284(10), the opti-
mum capacitance ratio will automatically cause
the oscillator to seek an equilibrium when R, =
(0 + 1) Z;, or approximately when R, = i}:—l,
where Pl 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 R, 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 Q,
and to minimize the variations in the input imped-
ance—is lost. Since an increase in R, 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,? Z,) to vary directly

3
with (PI)? or RL . Unless there is some guaran-

tee that the maximum R. 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 R,) should be chosen and the anode voltage
determined that permits operation at the lower end
of the straight portion of the E I, 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 R, 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 bias


s.de

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 direction 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 gridleagk resistance. Thus, insofar
as the initial surge of current is concerned, the
value of the gridleak resistance, R,, 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 negligible 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 toz—"%"'-l.
The smaller this ratio can be made, the smaller :vill
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

Egnw = Lin Ze = 14141, Z, = | E, |

1-296 (1)

where E. is the grid bias when R,C;, >> 1/f, and
I.. is the peak r-f grid-circuit current. The bias
voltage is also given by the equation

E. = LR,
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where I, 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 R, 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

P, = I.E. = E2/R, 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 0 on the positive alternation, the aver-
age squared voltage across R,, equal to

E 3 1y i
—2—”f (1 + sin ot)? d(at), is found to be 1.5 E.*.

Thus, in the absence of an r-f choke,

P, = 1.5 E2/R, 1—296 (4)

Clearly, if the grid losses are to be held to a mini-
mum, R, 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 R 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 efliciency, (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 C,, (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 -only 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 Oscillator

1-297. The grid R, can lead to frequency instability
in two ways. As R, is decreased, the grid losses load






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

l(‘—'t& is approximately correct. Where this

assumptmn 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 R, 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

Rh = Ra+ steXC(/Rll or R°+ IZX"XC‘/Rgl
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 R, is the value

R = R. + R/ 1—297 (12)
On multiplying equation (11) by R./R., it is ap-
parent that if R, is to have a negligible effect upon
the frequency, it must be much greater than
8 X Xee| | gimilarly, if R, is to have a negligible
effecte on the total feed-back power requirements,
according to equations (3) and (12), it must be
much greater than 3X.?/R.. If the oscillator is to
be operated in the region of maximum R, of the
tube, |X(| will approximately equal X./2, and

IM will approximately equal - PI Under

these conditions, a good rule of thumb, 1f the other
operating requirements permit, is to employ a grid
resistance equal to 15 times the minimum permis-

sible P1 (=
(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 (E,) 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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"_C%ﬁ_)’ or greater, where R, =
w Uy em
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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 R, 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

represents the closest approach of the four sets to

a C,/C, ratio of 1, and the top set represents ap-
proximately the largest C,/C, ratio (maximum E,))
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 C,, 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 R, 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 Q, 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 R, becomes relatively small, Q, be-
comes the dominant factor determining the phase
of E, with respect to E;. As Q, 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 Ry decreases, C; effectively in-
creases. That is, if R, and C; are represented by an
equivalent R, and C.’ in series, it can be shown
that C.” 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 C, 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 C./C, ratio is small, as
indicated by the lower-frequency curves in the fig-
ure, the changes in the effective C, have a measur-
able effect upon the frequency. It can be seen at
the low values of grid resistance that 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 K, apparently cancel
each other when R, 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

1800

1700

(-

value of R; 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 R,, 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 R,, although the variations are not pro-
nounced when R, is large. As the bias increases,
so also does R,, 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 C,’ are negligible as they affect
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GRID RESISTANCE IN 1000 OMHMS

Figure 1-129. Frequency of tuned Pierce oscillator versus piate voltage and grid resistance for various plate-
tuned load capacitances. (Max) E, represents plate tuning adjustment that provided maximum r-f plate voltage
when grid resistance and d-c plate voltage were values indicated by zero reference point. A 7-mc CR-18/U
crystal unit was used, having a Pl of 49,000 ohms when operating into a rated load capacitance of 32 uuf
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the frequency. As R, increases, the bias approaches
as a limit the magnitude of the peak excitation
voltage. Thus, R, 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.l, curve, one result is a decrease in R,, which, in
the curves of figure 1-129, clearly causes the fre-
quency to increase. However, an increase in the
plate voltage also causes 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 E, is
annulled by a percentage change in R, 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: “D,,” where changes in E, can occur more or
less independently and E. is the dependent vari-
able; “D,,” where E, can be considered independent
and E, dependent; and “D, ,” where E, and E. are
mutually dependent. Mathematically, this class of
operation can be defined by the following equa-
tions:

AR 1 a Rp
Class D b - ——( )AE
( ass ) Rp Rp a Eb Ec :beonsl
1/2 R,,>
— AE, = 0
+ Rp( a EE Eb:conlt.
1—298 (1)
9 Ey
Class D AE, =
(Class D)) 2 E. AE,
(AED independent)
1—298(2)
E
(Class D,)  AE, = %}—3” AE,
(AI-:c inde;endent)
1—298 (3)

(Class D, ,) Equations (2) and (3) both apply.
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Equations (1), (2), and (3) sufficiently define
“class-D” operation, but the parameter, R,, repre-
sents a with-signal average plate resistance, and
not the instantaneous or static resistances repre-
sented by conventional R, curves; although the
static values would apply if the signal amplitude
were small relative to the bias, as would be the case
if agc 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 R,. Thus, if
“class D” is to be in effect, it is necessary that an
original increase in E, 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 E,I, curves must be
curving upward in the direction of increasing E,
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 R, and an independent variable (E..) by which
the rate of change of R, with E,, (9R,/9E,), 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 g, also remain constant.
For example, by equation 1—289 (2) which is re-
peated here

XCn (xe + XCr)
Re - ngCv XCL

R, =

it can be seen that feed-back equilibrium in a
Pierce circuit requires that as long as R, and the
external circuit parameters remain constant, so
also must g,. An analogy here is to be found in
class-A operation, which is defined by the operation
of the tube along the straight portion of the E.].
curve, i.e., in a region of constant g,. 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 sufficient definitive con-
dition, but in application a constant effective g,, is a
necessary implication. If g, is to remain con-
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stant, equations for Ag, similar to (1), (2), and
(3) for AR, 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 g, on the negative
alternation, can annul this effect by increasing the
average g, 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.I,
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 C,/C, ratio, as the grid resistance was
decreased, the changes in the positive excitation
peaks with changes in plate voltage were just
sufficient to maintain g, approximately constant
for values of R, between 100K and 200K. If R, 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 R, and g
in the conventional classes of amplifier operation,
where R, and g, can be varied independently, this
condition cannot exist in class-D operation of con-
ventional oscillators, since R, and g, 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 R,, however, that directly affects the phase
of the feedback. Once R, becomes large relative to
the impedance across the tube, the percentage
variations in g,, become very small, so that g,, can
be assumed to be a constant for all practical pur-
poses. It is R, 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 R, curves versus E, and E or
curves of the deviations of the R,E, and R,E.
curves. If rates of change of E. with E, can be ob-
tained that provide a solution for equation (1)
when the values of E. and E, are practicable, the



.possibility exists that an oscillator of any type,
parallel- or series-resonant, using a gridleak bias
(or agc) 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 perfod 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 R,C, 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 progressively
lower points on the E I, curve. The oscillations will
continue to decay urtil a sufficient amount of the
bias charge of C, has leaked through R, to permit
oscillations to again build-up. For this reason R,
cannot be increased indefinitely without the risk
of the oscillator becoming self-amplitude-modu-
lated. As R, is gradually increased, the amplitude
sooner or later begins rising and falling at a radio-
frequency rate. If R, 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
oscillator. 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 will
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
excitation voltage peaks if the tube were cut off
for a complete cycle. In practice, the vacuum tube
can be conducting in polar opposition to E, 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 I, 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
1.2L, where 1, is the series-arm current, and L is
the equivalent series-arm inductance. Now, when
the crystal appears as an inductance, 1, is approxi-
mately equal to I, plus the current, I¢,, which flows
through the shunt capacitance, C,, of the crystal
unit. (Only the unsigned magnitudes of I, and I,
are considered here.) We can say, approximately,
that the stored energy is equal to (I, + Ic,)?L.
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
oL (I 4 Ic,)?

e + Rg’ + RL’) Ig“

oL (Ig 4 Ig)?

_ R(, + o)’ + (R, + ROLY
where R’ is the equivalent load resistance when
represented as in series with the plate-circuit ca-
pacitance, and R is the series-arm resistance of

or the

this case is effectively ®

equivalent value,
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the crystal. If R;” and R,’ can be considered neg-
ligible, the circuit Q will be the actual crystal

Q(:% . Assume that the plate current is cut

off for an entire cycle, which is a period of 2
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../R/fL ~ |E|\R/fL. If E., the grid bias,
whose magnitude only we shall consider, is to de-
crease at the same rate, the bias charge, equal to
C.E., must leak through R, at an average rate of
C.E~/R/IL during the period of one cycle. Thus

E.

(min) Ic = (HIT)RK = foEc N R/fL
1300 (1)

The maximum safe value of R, for all operating
conditions, if R;” and R,’ are negligible compared
with R,, according to equation (1) is

(max) R, = \/E/C, VIR
Since VL = 1/w\/C, where C is the equivalent

&, in the
r

1—300 (2)

series-arm capacitance, and since C =
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)

Vr

wCe v fRC,

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.R./(min) Pl = 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 = k,,, its maximum value consistent
with equation (3), above. Let it also be assumed
that R is approximately equal to R..., the maximum
permissible value of R,, that C, = 2C,, and that
Co = Cou, the maximum permissible shunt capaci-
tance specified for the crystal unit. Then,

(max) R, = 1—300 (3)

(max) R, = k,, (min) PI = k,,/0’C,? Rop,

also

(max) R, = \/2rr /2w C,n/ @Con Rew
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Thus,

wC,\/ 2rr Re.“
2/ w Com

1—300 (4)

(max) R./(min) PI = k, =

or

7 r | (min) X¢, | /2 (min) PI
1—300 (5)

k2

It will be found in practice that the limiting values
of k.. 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 k, would be even less than that
given above. The factor \/R/IL 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

energy stored

though it would seem from equations (4) and (5)
that R, cannot be safely made more than 5 to 10
times larger than the minimum PI, particularly if
an AT cut is employed, since it has a value of r of
only 250, and since C, is normally no greater than -
4 or 5 times C,n, it should be remembered that the
value of k., 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 R, 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.I, 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

. Now, even




voltages are so selected 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 Resistance and Output Control
in Pierce Circuit

1-801. 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 C./C, ratio can be increased.
If the total load capacitance is to remain constant,
C; 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,
C, and C, 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,/C, ratio,
larger outputs can be achieved by reducing the
value of R, 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 R, that the grid. losses seriously affect
the frequency stability. However, at very low fre-
quencies, a variable R, 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 C./C, 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 R,, as long as E, is held constant
by adjustments of 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 fixed output is
assumed.

1-302. As applied to crystal oscillators in general
it cannot be said that a variable gridleak 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
methods 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 1-129(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 can 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, ~ and the maximum permissible

B
Xe + XC‘
I; = \/Pew/Rem, Where P., and R, are the maxi-
mum crystal driving power and effective resist-
ance, respectively, then the maximum permissible
constant E, is

(max) 'Ep = (xa + sz) AV Pon/Rem
1—303 (1)

Ep - VOLTS

R-F PLATE VOLTAGE,

L

N

y

If it is assumed that X¢ =~ Xgp =~ %, where

X,(= —1/4C,) is the total load reactance equal
and opposite to X,, equation (1) becomes

— Pcm
(max) E, =_ | = / 2uC,

According to equation (2), the maximum permissi-
ble constant E, 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 E, 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;/C,
approximately equal to one, equation (2) also gives
the value of E,, which obviously will also remain
constant. R, can be made quite large, so that |E|
will approximately equal E,n/2. With E. constant,
and with the plate voltage E, also assumed to be
constant, the operating position of the tube on the
E.I, curve largely becomes the function of the
screen voltage. As the screen voltage is increased,
g. increases, which means that the slope of the

1—308 (2)

Ep

ooV

f=7MC
NO LOAD

(A)

A A A A A A A
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Figure 1-130. Output curves of tuned Pierce oscillator for different values of grid resistance when reactance of
tuned plate circuit is adjusted for output voltages equal to 50 percent of the maximum attainable. A 7-mc
CR-18/U crystal unit was used, having a Pl of 49,000 ohms when operating into its rated load
capacitance of 32 uuf
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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 suppose 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 function of the electro-
mechanical coupling of the crystal to the circuit.
The larger the C,/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,
C,, 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 of the fact that, say, an increase in C,
although increasing the build-up time by lowering
the frequency, will also tend te 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 examrie, for high-frequency
circuits, an AT-cut crystal which has a capacitance

ratio % =~ 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 rmaximum 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 tanuk 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 level 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 resuit. 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 Permits
Switching from Crystal to Variable LC Control

1-806. 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 fromy'20,000 to
occasionally 100,000 ohms. If the LC gircuit is in-
tended to furnish a much greater oyfput than the
crystal circuit, lower values of R/ may be neces-
sary. Rather than require the grystal circuit to
operate with small values of R,,/it would be prefer-
able to connect an additional shunt resistor in the
grid circuit when switching to variable-tuning
control.

Gnridleak Resistance When Used with Cathode
Biasing Restistor 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 catnode 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.J. 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 will be somewhat greater than E.I. because
of the a-c component of voltage across R,. 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,
Ry, usually range from 100 to 1000 ohms. The re-
actance of the bypass capacitor should be at least
as small as R,/10 at the lowest operating fre-
quency. With R, connected between cathode
and ground, the d-c voltage developed equals
(Iv + L) Ry ; or approximately, I,R,. The total bias,
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E,, is still approximately equal to \/2 E,. The d-c
grid current is given by the equation ,

L - JEI-BE _V2E -LR.
‘ Rx R‘:

1—-307 (1)
where E, 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 increase 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 V,. 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 R, were increased indefinitely the
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Figure 1-131.
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bias voltage would approach in magnitude the peak

value of the V, output voltage. R,, R;, and R, {u’e
not critical—each can be made equal to 501{,»' fa
faster-acting gain control is required. However,
R, should be kept as large as possible. Assyfme that
the r-f losses in R,, R,, and R; are negl/'é“i’:le and
that C, and C, are approximately equal,/so that V,
is operating into a load impedance approximately
equal to PI/4. Under these conditions g, 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 g, and R, 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 R,
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, be slightly greater than
the required bias; AGC requires that the peak ex-
citation voltage of V, times the voltage amplifica-
tion of the V, stage be slightly greater than the
required bias of V,. If the peak excitation voltage
of V, is assumed to equal E,,, which, in turn, is

assumed to equal E,...,(E-C‘ =~ 1), and k, is the effec-
tive amplification of the l‘V, stage, then

|E.| = k, E 1—308 (1)

or
Egm = I Ec//ki’ l
Since E, is approximately fixed, it can be seen that

the amplitude of oscillations is only kL as large as

those that would exist by the gndleak 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,/C, = 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 will not change
by more than 5 per cent, if C,;/C, = 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
agc is used. The effect is one of reducing the
change in R, of the vacuum tube caused by a
change in grid bias. For example, if the bias be-
comes more negative R, increases, and I,, the aver-
age plate current, decreases. There is then less
voltage drop across the plate-supply resistor, and
the resulting increase in plate voltage tends to de-
crease R,, 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.
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be if used in a Pierce circuit, it should first be
kept in mind that the ratio

VA R, Z
E,/E. = C/Co = ¢ #+LzL - !};z Jzi
p (4]
1—312 (1)

is the gain of the tube. If the gain = k, and if

R, is 10 or greater, then
L

gn = k/Z;, 1-312 (2)

or
R, = uZ;/k 1312 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 Z; will equal (min) PI/4,
which occurs when a crystal unit has the maximum
allowable R, and is operated at the rated load ca-
pacitance, C,. Under these conditions, the maxi-
mum permissible bias, as given by equation 1-293
(2), is

(max) E, = — \/2Pe, /2uC, V/ Ron

This maximum value of E. is to be interpreted as
a maximum that can be allowed 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., and R.. 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
minimum 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 R,, Z, increases, and E, and
I, 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 x remains ap-
proximately constant (in practice, . decreases
somewhat) R, increases proportionately with Z,,
so that although the equivalent generator voltage,
—uE,, increases, I, remains constant. Thus, I, ~
guE; ~ kE,/Z; ~ constant. In an actual circuit
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where R, >> Z, and the vacuum tube has a very
sharp cutoff, the effective I, 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, I, 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./C, ratio of unity, by assuming that for all prac-
tical purposes the plate-current pulses are in phase
with E,, and that E, >> 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 R, 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 1, is defined by the equation

PZL = Ipm Epm/2 1—-312 '(4)

where P, is the power expended in the tank cir-
cuit. Since Z,, is very small compared with R, it
can be assumed that the sinusoidal component, E,,
of the with-signal d-c plate voltage, e, is negligi-
ble by comparison with the average value, E, ; that
is, E, = E,. =~ E,. With this assumption we can
treat I,., the value of the with-signal, d-c plate
current, at the positive peak of excitation (e. =~ 0)
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 I,, the average i,, becomes
progressively smaller, whereas E, remains con-
stant. (Actually, if the plate current is supplied
through a resistor, a decrease in I, causes E, 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 E,. approaches E, in magnitude. The in-
stantaneous power being dissipated in the tube is
the instantaneous value of i,e,, and the instanta-
neous power being delivered to the tank is iye,-
When i, is a maximum, e, = E, — E;n, << ¢, =



E;m, 80 that most of power goes to the tank circuit.
In the conventional Pierce oscillator such high
efficiency is not to be approached unless the C,/C,
ratio is to be made very large and E, 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 will be useful to derive approxi-
mate equations concerning the change in crystal
power with a change in R,.. The crystal power, we
shall assume to equal the total tank power, Pj.
In short, the problem is to be able to express P,
as a function of R.. I,., E,, and E., (the cutoff
voltage) will be considered constants, and i, and e,
are to be assumed to be in phase. First, we express
the effective I,, for each class of operation in
terms of the constants above and the angles ¢ and
6, 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
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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 EJ,
curve, for it is only beyond the straight portion
of the curve that g, can change in order to seek
its equilibrium value—that is, unless R, 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 tc increase the excitation to
where the negative peak is very nearly equal to
E.. Assume, then, that with R, = R.., the oscil-
lator is designed to operate approximately as
shown in figure 1-132 (A). It can be seen intui-
tively that

(Class A) I, = Ivm/2 1—-312 (5)

and with C,/C, = 1, considering only the unsigned
magnitudes of the bias voltage,

on the straight portion of the E.I, curve. If the (Class A) E,,, = E, = E,,/2 1—312 (6)
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Figure 1-132.

Change of state of Pierce oscillator with a C,/C, ratio of one, under no-load conditions when

E, is held constant and the effective resistance of the crystal changes
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so that

(Clas A) PZL = Ipm Epm/2 = Ibln Ec0/8
13812 (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.
I, represents the apparent maximum I,. It can be
seen that except for the angle (» — 2¢), when
the tube is cut off,

ip = I, (sin wt 4 sin ¢) 1312 (8)

where ¢ can be considered a constant. Now,

Itm = Im (1 + sin ¢) 1312 (9)
so, on substitution in equation (8),

s Ibm . .

i, = 1+ sing (sin wt + sin ¢) 1—312 (10)
Similarly,

Eo = Egm (1 + sing¢) = E,, (1 + sin ¢)

1312 (11)
so that
= E,, sin t—i—(s'n t)
e = E pn sin w “1+sng in w

1312 (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

t(x+9) L [+4
€p i, dt = -;:/ €p ib dwt
t (—¢) —¢

where t = time in seconds.
Thus, the energy delivered per second, is

fft¢ 1 [+¢
; €, ib dwt = ; €p ib dwt
—4 —3

1—-312 (14)
On substitution of E, and I, from equations (10)
and (12),
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1—312 (18)

Pz:. =

156

E. 1 r+¢
) % co _bm (sin® wt + sin ¢ sin wt) dwt

T 2 (+singf_,

1812 (16)
On integration,

_ Eeo I (¢ + 2 ¢ + 238in 2 ¢)
h 4x (1 + sin ¢)?

1—812 (16)

(Class AB) PZI.

No maximum exists for equation (16) with values
of ¢ between 0 and /2. For class-A operation
similar to that in figure 1-132 (A), ¢ = »/2, s0
that equation (16) becomes

(Class A) Pz:. = Eoo Ibm/8

This checks, as is to be expected, with equation
(7). For class-B operation, ¢ = 0, so that equation
(16) becomes

(Class B) Pz, = E_, I,,/4 1312 (17;
Note that the power expenditure in the crystal
unit for class-B operation is exactly twice that
found for class-A operation. Since E;, under
class-B conditions is equal to E,, (see figure 1-132
(C)), or twice the class-A value of E,, then, be-
cause Pz, = I,nE,n/2, the effective I, at class B
must be equal to the same effective value as at
class A. Thus,

(Class B) I, = Iyn/2 1312 (18)
Also, since E,n = I,nZy, if E,, has doubled but
I, has not changed it can only mean that Z, 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
R.m/2. Equation (16) can be generalized to apply
for all operating states in which 2E., is equal to
or greater than E.. For greater simplicity, ¢
should be replaced by (» — 6) /2, where § = » — 2¢
is the angle during which the tube is cut off. 4 is
always positive, whereas ¢ would be negative in
the case of class-C operation. Thus, equation (16)
can be expressed

(all classes) Py, = Eeo Ton 2r — 6 -;- a;n 5
4ir ( 1 + cos —)
2 B
1—312 (19)
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—VTPs / 84C,\/ e 1—313 (3)
It should be understood that although equations
(2) and (8) 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.n, when E_ 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 1-3138, the (practical max) E,,

s given by equation 1—313(2) is —2V ~ —17 V.
For the smallest values of R,, the bias will ap-
proach —15 V. Assuming that gu ~ _Zl—,, (according
to equation 1—312(2), when C,/C, = 1) and that

7 = (min) PI 1 -
L " 4 T 40® C.? R..,
10
10 = 2500 ohms

4X628° X 822X 25

then, g, ~ 10*/2500 — 400 umhos when R, 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 3.4 volts. With an average g, of 400
umhos, the limiting value of Iy, (=~ 2L,0 ~ 28nEgm)
becomes 1.4 ma, approximately. Only if agc is used
to provide a much larger bias than can be obtained
with a peak-to-peak excitation of 8.4 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 E, and a larger I, and not

WADC TR 56-156

Section |
Crystal Osdllators

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 crystal 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. :

1-815. Assume that a crystal unit is connected in
a Pierce circuit using a conventional triode oper-
ating at its normal plate voltage, and that the
C,/C, ratio is near unity. The equilibrium values of
g~ and R, 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
possibly, 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-rac Miller circuit, it was found
that a 80-percent decrease in filament voltage,
which is equivalent to decreasing the fillament
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-
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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 C,/C, 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 C,/C, = 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 I, for a given plate voltage become the
values, respectively, for grid voltages of 0 and
2E,., where E,,, is the peak excitation voltage. For
the 10-mc crystal unit taken as an example above,
it was found that the peak-to-peak I, for a maxi-
mum R, was 2 |g,, E| = 1.4 ma. The correct plate
voltage for a given tube is thus the value of E, at
which a change of grid voltage from 0 to —3.4
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 agc is used, if it is
desired to apply for all values of R..

PIERCE-OSCILLATOR DESIGN CONSIDERA-
TIONS FOR C,/C, RATIOS OTHER THAN ONE

1-316. When the G,/C, ratic is not approximately
equal to one but the total load capacitance meets
the crystal specifications, g, is increased, and gen-
erally it will be ~asier to obtain desirable vacuum-
tube characteristics at more convenient plate volt-
ages. The first step, as before, is to theoretically

em

limit the peak of the crystal current to A /7]‘:
when R, is a maximum. The peak excitation volt-

age, E.,, equals —é1 , R""‘ under these conditions.
wlg e :

w—é— \ /—QRI: . g equals C;/CyZy; Im
equals g,.E.. With these values taken as a start
we can retrace the steps taken-in paragraphs 1-312
and 1-313, and determine the values of I, and E,
that do not permit the crystal to be overdriven

for any value of R, between R., and R../9.
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E;n equals

FINAL WORD ON CORRECT LOAD
CAPACITANCE IN THE PIERCE CIRCUIT

1-317. A prime purpose of the military specifica-
tions regarding the load 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 other 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 1-135 to 1-138, 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 equipmert. One of the requirements that is no
longer within the jurisdiction of the design engi-
neer is the effective load 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
reactance, X,, 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,

4xLAS
4rLASf
1
+ xCo

X, = (Equation (1), figure 1—98)

Now, af = 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, f,, and f,,, were 4000 cps apart.



If the rated load capacitance were 32 uuf 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 generally 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 smaller 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 +10
per cent of the specified capacitance.

1-318. It may be desirable to provide an operator
with the means of controlling the output voltage

===A
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Figure 1-134. Ganged capacitances to enable adjust-
ment of C,/C, ratio of Pierce circvit without changing
total load capacitance
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of a Pierce oscillator by varying the C,/C, ratio. In
this case, care must be taken to ensure that the
total load capacitance remains the same. If C, and
C, 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 have
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 C, and C, are adjusted until
the sum of their values and the circuit stray capac-
itances, C,, 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,./C, ratios vary widely from one circuit
to another. Those circuits that employ currently
recommended Military 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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Fig. Equipment Purpose F, F. F,: CR R, R, R,
(L) Receiver-Trans- “‘Side-step"’ 7662.5 104,840~ F+F. | CR-18/U 47 68 68
mitter RT-173/ injector oscil- 192,280
ARC- lator
(M) Receiver-Trans- Main channel 12,517.8 15,325 F.—F, | CR-18/ 11 470 33
r:}{.ter RT-173/ local oscillator
(N) Lear Radio Set Local oscillator 655- 455 ‘68 0.68 H
Model T-30AB- 7155 IF.
RCBBL-2
0) Communication Local oscilla- 4755~ 4300 -F» | FT-243 0.33 47 150
Equipment tor 3845 (1st I.F.) or Fy-
AN/CRC-3 F,I(;‘S)S
(P) Radio Set AN/ Local oscilla- 4755~ 4300 Fl;Fg FT-243 0.33 47 150
VRC-2 tor 3845 (1st I.F.) or
F?-Fl
(455
I.F.)
(Q) Radio Receiver Local oscilla- 1175- 1700- ¥,-F, | Sig2Z %0 0.4 250
R-114/VRC-4 tor 8175 8700 §5§5) 3531B
Circuit Data for Figure 1-135. Fin kc. R in kilchms. Cin uuf. L in uh.
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(0) (P)

(1.1-8.2 MC)

CS r3

Fi

Section |
Crystal Oscillators

F3
(925 xC)

Loge

B+
Figure 1-133. Continved
R‘ Rl Cl C: CJ Cl Cl CO CT LI Lf vl v:
68 18 5 5 0 6AK5W
300 [) 10 22 18 6AS6W
18 16 750 750 K3
T 50,000 | 2,000 | 50,000 | 5-44 50 50 SKECT
77 50,000 | 2,000 | 50,000 | 5-14 50 50 SRaCT
500 75| 2,000 | 29,000 | 20,000 | 100 | 20,000 7500 SKACT/C

WADC TR 56-156
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Section 1
Crystal Osdillators

(]
ce
ce :T: CR
l@
) Re 3
" V2 12AT? 100 112 \2aT?
(R) (S) (T) (U} (V) (W) (2-3 mc) R3
1 22 J a——
=L R 4 -, 8+ 2:0 o
I Iuoo
Ll
) 2000
R2
0.
Pigere 1-138.. Continved o0
‘Fig. Equipment Purpose F, F, ~ F. CR R, R, R,
(R) Receiver-Trans- 2nd injector 15,950 CR-18/U 100 0.12 0.560+
mitter RT-178/ osc (rec
ARC-27 guard ch 1)
[¢3) Receiver-Trans- 2ad monitor 33 333- CR-27/ 220 0 1
tAnitter RT-173/ osc of trans. 3900 .
T7 | Receiver-Trans- 3rd_monttor 3650~ CR27/0 | 220 ) 1
mitter RT-173/ osciilator of M.O. | 3800
ARC-33
U) Receiver-Trans- 4th monitor 5172.917- CR-27/ 220 0 1
mitter RT-173/ oscillator of M.O. | 5181.25
ARC-33
V) Receiver-Trans- 1st trans- 3450 CR-18/U 100 0.56 100
mitter RT-178/ mitter oscilla-
ARC-27 tor
i) iver-Trans- 2nd trans. 8250- CR-18/U 160 0.56 33
mitter RT-178/ osac (hetero- 9150
ARC-27 dyned with 1st)
(X) | Transmitter 1at i1 oacll- 1994- €70 01 2.2
T-217/GR lator 2894
[%'4) Radlo Receiver- Tocal osc 9500 F CR-18/U YA 113
Transmitter in receiver 10,500
RT-XA-101/ARC-22
2) Signal Generator TFine freq osc Narrow 14,400- F:xF: |[CR-18,U 1 0.16 33
SG-13/ARN for mixing with band 28,800
output of coarse within
freq osc 800-15,000
range (10
crystals)

Circuit Data for Figure 1-185. F in ke.

WADC TR 56-156

R in kilohms. Cin uuf. L in xh.
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+130V

FleF2th

Fl
(NARROW BAND LYING
WiTHIN 8600-(3,000KC

CR-18/U D
28,800 KC

FROM OUTPUT OF
J_ COARSE FREQUENCY
ved = = = = 0SCILL ATOR
Figure 1-135. Contin (CIRCUIT (V) IN FIG. I-137)

2)

Rd R) Cl Cz Cl Cc Cl Cl C: L| Lr vn ) v:
24 100 3,000 0.3-3 500 1/2
12AT7
30 30 470 2000 1/2
. 5670
15 27 a0 2000 172
5670
27 30 470 2000 1/2
5670
20 830 3000 0 500 1/2
12AT?
7 82 3000 1-8 500 1/2
12AT7
100 470 100 15 2000 2000 3 2000 1/2 1/2
12AT7 12AT7
22 &7 1600 820 RFC 5718
1.5 1 18 220 1500 1500 2 1500 47 14 5670 1% 5670

WADC TR 56-156 169



Section |
Crystal Oscillators

FiI

TO FREQ MULTIPLIER [(‘) (8)]

o C3

(A) (B)

16—
cs
of LI
RS
c9
—t—

re TO FREQ DIVIDER[(4)]
To FREQ MULTIPLIER [(8)]

84

Fi
4682 .45 xC

Figure 1-136. Modifications of Pierce oscillator using screen-grid tubes

Fig. Equipment Purpose F F2 CR Ry R2 Ra R Rs Re R2
(A) Radio Set AN L-F osc for 625 WECo 250 1 1 20 0
FRC-10 (WECo single-side- B
Transmitter band opera-
D-156000) tion
(B) Same as (A) H-F osc for 940- WECo 100 1 10 5
single-side- 5000 S5AA
band opera-
tion
(C) Switching BFO for two 462 .45 50 120 22 500 1000
Unit SA-107 diversity re-
( )/MRC-4 ceivers
(D) Radio Receiver BFO 462 45| F, Bliley 100 470 100 4.7
R-270/FRR SR-901
(FT-
241A)
(E) Radio Receiver Local osc of 5675~ | 4Fy FT-243 470 1000 270
BC-659-( ) receiver 8650

Circuit Data for Figure 1-136.

WADC TR 56-156

Fin ke.

R in kilohms. Cin uuf. L in uh.
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c7 F2
. 1
L
cé R3
100 100

Pl
(462.48 KC)

= = c2 l
ce
> ) T oo R4
10,000 = a7
8+

(D)

Fi
(6-9 MC)

Figure 1-136. Continved

(E)

(o} Ca Cs C, Cs Ce Cy ' Cs Co L, L. Vi V2

100 10,000 10,000 10,000 1000 250 50 100 10 200 RCA41
V?)rli- 10,000 10,000 10,000 1000 0 0 0 1000 0 RCA41

able

100 10- 100,000 15 20,000 . 2500 6SJ7 6SN7

100 . (25Q)
39 10,000 100 100 95 100 5 6SJ7
1000 10,000 55 10,000 25 1140 8 3D6/ 1LCé6
turns 1299
5/8-in.
dia

WADC TR 56-156 7
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4]
(200-400 xC) cs

— Ll
I 18,000
$ns
0000 Ses
= \
B+
(F) %
ce
270
fl : ¥
12.9-6.5 MC)
. -
e
10,000 ) ANTENNA
Sy 3
78 $
MODULATOR
+
Figure 1-136. Continved
Fig. Equipment Purpose F, F. CR R, R. R, R, R: Ra R:
(F) Radio Trans- M.O. 200- FT-249 100 0.22 15 10 66 5 0.022
mitter BC- 400
329-N
(G) Lear Radio M.O. 2900~ 470 0.1 100 100 7.5 18
Set T-30AB- 6500
RCBBL-2
(H) Modulator- M.O. for 3966.6-| 2F, | CR-1A/ 47 0.33 6.8 30 27 0.0051
Transmitter remote-con- | 5666.6 AR
T-233/URW-3 trol trans-
mitter
(I) Modulator- M.O. 3966.6- 2F, | CR-1A/ 47 0.33 ' 6.8 30 27 0.0051
Transmitter 5666 .6 AR
BC-1158
) Radio Trans- M.O. 260- F) Holder 100 0.1 50 385 25
mitter 12GLX-2 1750 FT-249

Circuit Data for Figure 1-136. F iu kc¢. R in <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>