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‘CRYSTAL OSCILLATOR. CIRCUIES

‘Charles W. Harrison, Flushing, N. Y., assignor to
Bell Telephone Laboratories, Incorporated, New
York, N. Y., a corporation of New ¥ork

- . Application October 31, 1945, Serial No, 625,896
15 Claims. (Cl 250-36)

This invention relates to oscillation generators
and particularly to constant amplitude crystal-
controlled oscillation generator circuits. This ap-
plication is a continuation in part of my copend-
ing application for Test eircuit, Serial No. 576,659,
filed February 7, 1945,

- One of the objects of this invention is to im-
prove the frequency and amplitude stability of
oseillation generators.

Another object of this invention is to provide
a-tuning arrangement capable of selecting fine
inecrements of frequency.

. ‘Another object of this invention is to pro-
\g vide a stable oscillator capable of utilizing high
. degrees of automatic amplitude control,

In accordance with this invention, a stable
* oscillator ecircuit may be provided which is
adapted - to overcome difficulties with “motor-
boating;” and which is capable of oscillating with
even' rather poor quality piezoelectric crystals,
e ecad-gEpAIE "6 BENg adiisted-over a wide volt-
age range to suit a great variety of different
erystal elements that may be used in circuit
therewith; and which is capable of maintaining
its output voltage at a very constant amplitude
level, and which may be provided with a tuning
arrangement capable of selecting fine increments

of frequency.

- Oscillators in- accordance with this invention
may comprise an electronic amplifier, which may
be either a limiting amplifier alone or a limiting
amplifier followed by a linear amplifier, the am-
plifier apparatus being followed by a tuned step-
down transformer connected across the outpub
circuit- of the amplifier, and a resonant crystal
circuit-comprising a series-connected piezoelec-
‘tric element and capacitors connected across the
secondary windinhg of the tuned transformer,
and ‘a feedback path extending from a point in
the resonant crystal circuit to the input circuit
of the limiting amplifier. In cases where the
‘Himiting amplifier and a separate linear amplifier
are-utilized, an automatic volume control circuit

. including a- rectifier, a direct current amplifier

and gain control means may be provided and de-
v signmed-with sufficient capacity to provide auto-
hd matic amplitude control for the linear emplifier.

“The automatic amplitude control circuit may be
-arranged to have a time constant which is dif-
ferent from and somewhat slower than that of
the limiting amplifier, in order to secure good
‘output voltage stability free from “motor-boat-
-ing.” By “motor-boating” is meant a low fre-
[ quency amplitude disturbance which is common
U ‘to most forms of automatic amplitude-controllied

oscillators. | If desired, suitable shielding may-be
provided .around the piezoelectric crystal body
and also around the capacitors of the resonant
crystal circuit, as disclosed in my. parent appli-

5 cation, Serial No. 576,659, hereinbefore referred
to.

Oscillators in accordance with this invention
may be utilized to develop.a substantially con-
stant voltage acrass the electrode terminals of

10 the piezoelectric crystal. element, independently
of the quality of the crystal element over a quality
range normally considered as usable in quartz
crystal plates, and may be used as a basis for
testing and for specifying the maximum voltage

15 rating .on various types.of quartz crystal plates,
as in the testing of such crystals during manu-
facture. ‘To help in protecting such crystal ele-
ments.against damage from an excessive voltage
being accidentally .applied across the terminals

20 of the .crystal element, it is useful to know the
rating of the maximum surge voltage that the
particular crystal element can withstand since
the use in practice of a crystal element at volt-
ages in excess.of its maximum rated vaiue or in

25 excess of its proper working voltage often results
in failure, due to.internal heating and fracture
of the crystal dielectric. Accardingly, it is often
desirable that the manufacturer be able to supply
piezoelectric crystals with a rating for the maxi-

30 mum surge voltage that the crystal element can
be expected to safely withstand.

TFor a clearer understanding of the nature of
this invention and the additional advantages,
features and objects thereof, reference is made

38 to the following description taken in.connection
with the accompanying drawing in which like
reference characters represent like -or - similar
parts and in which:

‘Pig. 1 is a diagram illustrating, in block dia-

40 gram form, a constant-voltage, erystal-controiled,
two-stage oscillation generator circuit provided
with automatic amplitude control for the linear
amplifier stage thereof;

g, 2 is a diagram illustrating, in schematic

45 form, an oscillation generator circuit of the gen-
eral type.shown in Fig. 1;

Fig. 3 is a diagram illustrating a modification
of the oscillation generator circuit shown in Fig.
2; and

o Fiz. 4:is a diagram illustrating a modification
employing a single stage amplifier.

“Referring to the drawing, Pig. 1 is a circuit
diagram illustrating a two-stage, constant-volt-
age and constant-frequency oscillator, the fre-

85 quency of whicly is controlled mainly by a suitable
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piezoelectric crystal element | having any suit-
able electrodes 2 and 3, and which is adapted to
supply a substantially constant amplitude of out-
put voltage eo, at the output terminals 4 and 5
thereof. As illustrated generally by the block
diagram labeled 7 in Fig. 1, the first amplifier
stage 1 of the oscillator may comprise an am-
plifier T of the limiter type, the output of which
is fed by suitable coupling means to the input of
the second amplifier stage 8, which is illustrated
generally by the block diagram 8 in Fig. 1. The
second amplifier stage 8 may comprise a power
amplifier of the linear type, the output of which
is fed to the input circuit of a tuned transformer
T having a primary winding P shunted by an ad-
justable tuning condenser Ct, and a secondary
winding S which is shunted by a resonant crystal
circuit comprising the series-connected piezoelec-
tric crystal body [ and condensers Cs and Ck.
A feedback circuit 10 may supply output voltage
eo, from across the capacitor Ck to the input
circuit of the limiting amplifier 7. A suitable
switch 12 may be provided in an automatic am-
plitude control circuit {4 in order to supply volt-
age from either of the terminals 2 and 3 of the
crystal element | to an automatic volume con-
trol system 15 which may comprise a rectifier and
a direct current amplifier, the output of which is
fed over the circuit 14 to the input circuit of the
linear power amplifier stage 8.

The frequency of the oscillator illustrated in
Fig. 1 is controlled mainly by the piezoelectric
crystal element I, through feedback from the ca-
pacitances of condensers Cs and Ck. The auto-
matic volume confrol circuit 18 is provided in
order that the amplitude of the voltage e: gen-
erated across the secondary winding S of the
tuned transformer T may be held essentially con-
stant at all times and at all frequencies. The
circuit is constructed with component elements
of values suitable for oscillation at the desired
frequency, and an adjustment for insuring oper-
ation at the desired frequency is provided by the
phase shifting network comprising the tuned
transformer T having its primary winding P
shunted by the variable tuning condenser Ct.
By an adjustment of the tuning condenser Cft,
the frequency of the circuit may be shifted the
slight amount that may be necessary to obtain a
suitable resonance corresponding to the resonant
frequency of the crystal element {. The ouput
voltage eo appearing across the condenser Ck
may be fed back and applied to the input cir-
cuit of the limiting amplifier 1.

The oscillator circuit illustrated in Fig. 1 is
capable of oscillating when using any crystal
body | that is usable in other types of oscilla-
tor circuits and, moreover, is capable of permit-
ting high degrees of automatic volume control
from the circuit 14 in order to maintain the gen-
erated voltage constant while adjusting the crys-
tal circuit frequency for resonance operation.
When the generated voltage is constant, reso-
nance of the crystal circuit is essentially indi-
cated by maximum crystal current, and oscil-
lation is maintained at that resonant frequency.
The adjustment to obtain maximum crystal cur-
rent is such that the phase shift through the g
oscillator loop is 2xn where n=0, 1, 2, 3, etc., the
phase shift and resulting frequency of oscillation
being varied by adjustment of the tuning con-
denser Ct associated with the tuned transformer
T, and the magnitude of the generated voltage
being held constant by- the automatic amplitude
control system 15 which may be similar to auto-
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matic volume control systems applied to ampli-
fiers in radio systems. Manual control of the
magnitude of the generated voltage er may be
provided by an adjustment of the bias voltage
of the automatic amplitude control system {5 ang
in this way the maximum or start gain may be
made independent of the setting of the amplitude
control system I5.

The voltage e1 may be, in some cases, generated
by a single turn 8 of wire forming the secondary
winding S of the transformer T, and the output
voltage ec may be used as the feedback voltage
supplied over the feedback circuit 10 to the in-
put circuit of the limiter amplifier 7. The value
of the voltage ratio of es/e1 represents a voltage
gain. This voltage gain is of course a fraction
of the relative values of Cs and Ck. This type
of oscillator circuit may present a pure capacity
across the crystal element | for all frequencies
equal to the value of

_CkCs
Ck--Cs

Also, it may be operated over a wider reactance
versus frequency range than earlier oscillators,
with the amplitude of oscillation arbitrarily se-
lected and held constant at that selected level and
with high degrees of automatic amplitude control
adjustable over a wide range.

While the limiter amplifier T and the linear
amplifier 8 may be combined in a single tube
amplifier as disclosed more fully hereinafter in
connection with Fig. 4, the two are made sepa-
rate when used with the automatic amplitude
control rectifier and direct current amplifier I5,
as illustrated in Figs. 1, 2 and 3. The applica-
tion of the automatic volume control rectifier cir-
cuit 14 to this type of oscillator makes it desir-
able to separate the linear and limiter amplifiers
7 and 8 and to control the linear amplifier 8
slowly enough to permit the limiting amplifier 7
to absorb the changes in gain, thus damping out
the critical transient caused by the automatic
volume control rectifier (5, which maintains the
output voltage constant with variable input to
the power amplifier 8. In order to prevent “mo-
tor-boating,” the time constant of the limifer
amplifier T may accordingly be made faster than
that of the automatic volume control system 15
especially for high degrees of automatic volume
control provided by the circuit 4. It will be
noted that such arrangement provides a stable
amplitude control for the oscillator, with a tun-
ing arrangement capable of selecting fine incre-
ments of frequency for the crystal circuit. A
suitable low capacity diode type vacuum tube
voltmeter (not shown) may, if desired, be used
to indicate the voltage ep across the crystal ele-
ment {. Since ep is greater than ei, the voltage
across the crystal element | may be measured
from the connection between the crystal element
I and capacity Cs, and ground. The power sup-
ply system used may consist of any suitable sup-
ply voltage source or sources, which may be trans-
former sources adequately filtered and of conven-
tional design.

Fig. 2 is g circuit diagram illustrating in sche-
matic form an embodiment for the two-stage
oscillation generator illustrated in block diagram
form in Fig. 1. As illustrated in Fig. 2, the lim-
iting amplifier T may comprise a suitable over-
loaded vacuum tube VI—I giving a relatively flat
response characteristic with a plate load of rela-
tively low impedance, and the linear power am-
plifier 8 may comprise a single vacuum tube VI—-2
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or “VTF—3; or may- comprise iwo ‘parallel-con-
neetéd: vacuum: tobes - V-2 .and VI-—3, such
-as type'6AGT vacuum power tubes, the outpub of
Wwhich is fed into the antiresohaat primary wind-
ing elreuit P-of the tunéd step<down transformer
T, the sécondary-winding S of which provides:a
voltage er which may’ be of ' low "meaghitude- as
-compared to the voltage-ep-across the crystal elec-
trodes ¥ and 3.

“The Hmiiting: amplifier- + m&y be ¢ither of the
overloaded variety -or-one whose oittput s Hmited
by an automatic velume-control-eireuit that oper-
ates only-on that-stage. In Fig. 2, the limiting
amplifier tube VT—1 4s:shown-as an overléaded
vaeuum’ tube-stage” T that drives the linear am-
plifier 8 at 8 constant peak level independently of
the-magnitude snd variations-of ‘the output volit-
‘#ge eo ‘over the range in-which it is to be used.
‘The Hnear amplifier 8 consisting of the two par-
sllel~connected vacuum tubes' VI-=2'and VT—3
has its’ tuned plate -cireuit inductively coupled
by the transformer T to the crystal circuit. The
transformer'T may be -a step-dowh’ transformer
T of the over-coupled ‘unit type, wourid, for ex-
atnple, -on -an iron dust toroidal coil form. The
secondary winding S -of the transformer T may
consist-of one or twa turns of wire in a particular
exampvle, and may act as a generator o the crystal
circuit. -'The crystal-circuit may consist of a suit-
&ble piezoelettric crystal element |- connected in
series circuit relation with two series-connected
capeciters €s and 'Ck. The eapacitor Cs may be
‘varigble, and the eapacitor Ck may be fixed and
the’ capacitance of the condenser 'Ck may be
greater than that of the condenser Cs. ‘The voli-
age €0 'developed across the condenser Ck or Co,
if used, may be fed back and uséd to excite the
grid circuit 22 of the vacuum tube VT—[ of the
limiting amplifier 1

" The lmiting amplifier T if of the overloaded
variety:may comprise a vacuum tube VI'—i{ hav-
ing ‘conventional electrodes which may, as il-
lustrated in Fie. 2, comprise-a grounded cathode
.28 heated by a suitable -cathode heater 2{ ener-
gized "by' a suitable power supply =source (not
shown),  a. eonteol” grid electrode 22 ' connected
through .a suitable “grid - resistor 'R! Wwith the
grounded eathdde 28, a screen grid electrode 23
connected  through -a -suitable -screen grid re-

sistor R2 with the pesitive (4) terminal of a -

suitable powsr supply-source Bi, a suppressor
grid- electrode. 24 connectéd with' the:grounded
cathode 28, and a plate electrode: or andde 23
comnzcted through a suitable plate resistor:R3

‘with the positive (-+) terminal of the plate sup- .5:

ply saurce Bl. The condenser Cl:is s convention-
al:bys<pass condenser. The output of the limiting
anmplifier tube VT—{ may be féd: from the plate
slectrdde. 25 thereof through one-or mote stiit-
able conpling: condensers €2 to the input circuis
-of the linear power:amplifter 8.

The linear power amplifier: 8 .as -particilarly il-
‘tustrated tr Fig. 2 comprises two similar parallel-
connected vacuum tubes VI—2-and VI-—& each
provided withr a cathode: 28:connected to ground
through a suitableparalel-connected cathode re-
sistor-R5 -and ‘condenser 'C3, control- grid’ elec-
trodes - 22 interconnected. through- sthable grid
resistors ‘R4, screen grid-electrodes 23 intercon-

neeted’ through- suitable “resistors RT and ton- -

nected: through the: resistors RY.with the posi-
tive terminal (4+) of suitable power ~supnly
-source . B2, -suppressor grid- electrodes - 24 - con-
nected with the cathodes 20;:and.plate-electrodes
28 -interconnected: through- sultable: resistors: R6
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and ‘oonneeted “with' a suitable power supply
sotirce B2 through the resistors R8 and R8. 'The
condensers C4 may-be convetitional by-pass con-
densers. The outputs from the anodes 25°0f the
linear: power amplifier tubes:VIT—2. arid: VI3
are connected across the input or primary wind-
ing P-of the tuned transformer T.

As llustrated in Fig. 2, the transformer T has
its'primary winding P connected with the-output
circuits of the linear amplifier tubes VI-—2:and
VT--3 through the plate antising resistors RS,
and the coridenser €§. The secondary winding
S of the transformer T'is connected i circuit with
the crystal element {, and may,. if desired,’ be
shinted by a resistor R8. The transformer T
may- bea step-down transformer- providing a
relatively small voltage e1 across’ the-secondary
winding S thereof. The output voltage er gen-
erated - across’ the  termindls--of "the seecondary
winding S of the transformer T is maintained
censtant by means-of the automatic volume con-
trol circuit 14.and is applied to the series resonant
circuit. comprising the piezoeleetric erystal body
f -and the series-connected eapacitors Cs, Ck
and Co. ‘The condenser Co may- be:r omitted. if
desired. ‘The transformer T has its 'primary
winding P shunted by the tuning condenser Ct
and is thereby adapisd to-adjust the resonance of
the secondary winding S thereof and to provide
a low impedance source of voltage er across the
secondary winding S of the tuned transfermor
T. Accordingly, the tuned transformer. T func-
tions as a phase shifter in the output circuit of
the linear amplifier tubes VI—2:and VT—3-and
may be utilized to.adjust the resonant frequency
of the oscillator by adjustment of the tuning con-
denser Cf. In cddition, . .the tuned. transformer
T funciions as an electrie wave .filter for filter-
ing out undesirad harmonics in the circuit.

The oscillator tubes VFP—{, VT—2 and VT—3
previde.current to' the.output circuit 4 through
the transformer T and the oscillator is provided
with automatic amplitude control comprising the
automatic. volume. control rectifier and amplifier
I5. The frequency of oscillation is..under.con-
trol of voltage derived from the crvstal circuit
comprising the piezoelectric crystal body 1 con-
nected in series circuit relation with the series-
connected capacitors Cs and Ck and the second-
ary winding S of the transformer T. The ca-
pacitors Cs and Ck divide the volfage in the se-
ries resonant crystal circuit. and supply a volt-
age which may be fed back over the feedback cir-
cuit {8 to the input circuit of the limiter ampli-
fier tube VI—I,. in proper phase. to: maintain
oscillations at the effective oscillating frequency.
the frequency of oscillations. being  controlled
mainly by the frequency of the crystal element
t, and the output voltage eo being under. auto-
matic amplitude control.

The tuning capacitor Ct may- be adjusted for
minimum impedance of the. plate. load .of: the
linear amplifier tubes VI—2 and VT—3. jn order
to enable an incremental adjustment of the fre-
quency of .oscillation. The minimum impedance
referred t0 may be.indicated by maximum cur-
rent through the circuit of the crystal element. {.
In order to indicate such maximum . current
through the erystal circuit, a suitable direct cur-
rent voltmeter (not known) may be used to.meas-
ure the control voltage which the-automatic vol-
ume contrel circuit 14 is applying to the contrel

grids 22 of the linear amplifier tubes VT—2 and

VT—3. :
‘The resonant crystal circuit.shunted-.across
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the secondary winding 8 of the transformer T
comprises the piezoelectric crystal element { con-
nected in series circuit relation with the capaci-
tors Cs and Ck which are adapted to be adjusted
to operate at the resonant frequency of crystal
and capacitor circuit, and used as a means for
developing an output voltage eo across the low
impedance of the condenser Ck, to be supplied
over the feedback circuit 10 to the input circuit
of the limiting amplifier 7. The automatic am-
plitude control circuit 14 includes a rectifier the
output of which is used as a control bias on the
control grids 22 of the linear amplifier tubes
VI—2 and VI—3. High degrees of automatic
voltage control are possible with stability using
this arrangement where the time constant of the
limiting amplifier 7 is different from and prefer-
ably faster than the time constant of the auto-
matic amplitude control circuit i4. By utilizing
a direct current amplifier in the output of the
rectifier {5 and by controlling more than one os-
cillator tube such as the tubes VI—2 and VI—3,
very high degrees of automatic volume control
may be realized, with stability of operation. By
means of the switch 12, the voltage on either side
2 or 3 of the crystal body | may be held constant.

Since the output voltage eo is developed across-

the relatively low impedance of the condenser CE,
and has been filtered twice, once by the tuned
primary circuit P and C¢ of the transformer T
and second, by the resonant crystal circuit itself,
the resulting output voltage eo is substantially
free from electrical harmonics. The effective ca-
pacity across the crystal element | may be the
same as the value of capacity in series with it
when the condenser Ci is tuned for resonance.
The capacity Ck forms a part of the series ca-
pacity in the resonant crystal circuit and may
also be used as a means for adjusting the fre-
quency of oscillation to exact resonance of the
crystal circuit. The amplitude may be varied for
a given crystal element | by adjusting the ratio
of the capacitance of the condenser Cs with re-
spect to the capacitance of the condenser Ck.
As an example, if the voltage appearing across
the crystal element ! is needed to be held to a
low value and still insure maximum sensitivity to
start the oscillation thereof, the feedback voli-
age eo could be made to equal & greater portion
of the sum of the voltages ec and eo across the
condensers Cs and Ck. 1In this way, the volt-
age across the crystal element { may be con-
trolled at any frequency between the resonant
and the antiresonant frequencies of the crystal
element | at levels of voltage which may be, for
example, less than 1.0 volt and at the same time
stability and assurance of starting oscillations
is obtained.

The crystal element [ possesses two resonant
frequencies, namely, a series resonant frequency
which is determined by the effective inductance
and the effective capacity thereof, and an anti-
resonant frequency which is determined by these
quantities, plus the paralleling capacity which
comprises the static capacity between the elec-
trodes 2 and 3 of the crystal element { and any
capacity connected thereto by the crystal holder
and lead wires within the crystal holder. At fre-
quencies other than the series resonant fre-
quency, the paralleling capacity together with the
associated shunt loss of the holder enters into
determining the performance of the crystal ele-
ment.

The piezoelectric crystal body | may resonate
between its resonant and its antiresonant fre-
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quencies, and the impedance of the crystal ele-
ment | operating within this frequency range
appears as a positive impedance or in effect as
an inductive reactance in series with a resistance.
Any oscillator that operates the crystal element f
in the positive region of the reactance versus fre-
quency characteristic thereof exhibits capacity
reactance and negative resistance paralleled
across the terminals 2 and 8 to which the crystal
element | is connected. The operation of the
crystal element | when connected into the os-
cillator circuit will be influenced by the magni-
tudes of these two terms, and the combination
will operate at such a frequency that the total
reactance is zero and at such an amplitude that
the total resistance is zero. The performance of
the crystal element { will therefore not depend
solely upon its own characteristics but will in-
volve also the impedance of the remainder of the
oscillator circuit associated therewith. The cir-
cuit of the oscillator provides an effective ca~
pacity which is composed of grid and lead wire
capacities and capacity introduced from the plate
circuit. The frequency at which this combina-

5 tion exhibifs antiresonance is the oscillating fre-

quency. Accordingly, oscillation of the crystal
body | may take place at any frequency between
its resonance and antiresonance frequencies
with the appropriate selection for the capacitance
values of the series condenser Cs or Ck. Also,
this type of circuit will permit oscillation over g
wide range of voltage operating amplitudes of the
crystal body [ as determined by the relation ex-
isting between capacitance values of the con-
densesr Cs and Ck. Thus, if the capacitance
value of the condenser Ck is small and that of
the condenser Cs is large, the amplitude of volt-

age across the crystal element { may be relatively
low.

As hereinbefore mentioned and as shown in
Fig. 2, automatic amplitude control, commonly
referred to as automatic volume control or AVC,
is applied to the linear power amplifier 8 compris-
ing the vacuum tubes VI—2 and VT—3, which
are separated from the limiter gmplifier T com-~
prising the vacuum tube VI—I{. In order to ap-

- ply a high degree of automatic amplitude control
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to the oscillator, the input voltage from the feed-
back circuit 10 to the vacuum tube VI—I| of the
limiter amplifier T may be made above the thresh-
old of limiting by an amount exceeding the varia-
tion in the 8 loop caused by the automatic ampli-
tude control circuit 14, thereby to enable the lim-
iter tube VT—I1 to absorb the changes in the gain
of linear amplifier tubes VI—2 and VT—3, such
that ug=1 at all times. In order to permit damp-
ing of transients set up by the changes in gain
occurring from the action of the automatic am-
plitude control circuit 14, the time constant of
the limiter amplifier 7 including the tube VI—i
may be made fast compared to that of the auto-
matic amplitude control circuit 14. The input of
the linear amplifier including the vacuum tubes
VT—2 and VT—3 is held constant by the action
of the limiter amplifier T including the tube
VT—I, and gain changes in the linear power
tubes VI—2 and VT-—3 due to variation of
the capacitance of the tuning condenser Ct are
absorbed by the automatic amplitude control eir-
cuit 14, while the variation of activity of the crys-
tal element | is absorbed by the limiting amplifier
tube VI—I.

The sutomatic amplitude control system I5
may comprise any suitable AVC rectifier and di-
rect current amplifier. As illustrated in Fig. 2,
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the automatic amplitude control circuit i4 com-
prises conventional electron tubes T4 and TS5
The tube T5 may comprise of a simpie diade hav-
ing a plate 32, a suitable cathode 36, and a fila-
ment 37, and which is coupled to the crystal cir-
cuit through a capacitor C10. The: tube T5:is
provided. with a.load resistor RIt, a.radic fre-
quency grounded cathode 36 grounded through
a capacitor CI7, and a radio frequency filter.comn
prising a resistor Ri2 and a capacitor.Ctl,the ar<
rangement being such that the voltage appearing
across the capacitor Cll will be pure direct cur-
rent. The second tube T4 has a cathode 20; a
suitable cathode heater 21, 3 grid electrode 30, a.
plate electrode 31 connected with: the. positive.
(+4) terminal of a suitable power supply source
B3, a grid voltage control resistor RI5-to: deter~
mine the range of the level control, and a plate
electrode 33 connected with the output cireuit 18
leading to the input of the linear power amplifier
8-of the oscillator. The plate electrode.33 of.the
tube: T4- is connected through a suitable-resistor
R10- to the initia]l bias potential for the .vseuum
tubes VI—2 and VI—3. The plate electrode 32
of the tube TS is connected through a suitableTes
sister RIf to the cathode electrode: 36, . and
through a. resistor Ri2 and a condenser Cli tg
act as a flter. The cathode 20 of the tube T4 is
connected to one side of the manual level com
trol potentiometer resistor R14 which is connect<
ed in series with the load resistance Ri3, the re=
sistor RI3 being.connected. at its other end with
the negative (—) terminal of ‘a. suitable: power
supply source B4. .

The direct current amplifier portion of the tubs
T4 of the automatic level control system AS-aps
plies a variable negative voltage to the-contral
grids 22 of the vacuum tubes VT—2 and VT-—8 of
the linear amplifier 8, and is controlled by thesigs
nal voltage level of the circuit 14 which is recti-
fier by the rectifier T3, the resultant direct cur-
rent. voltage being applied to the grid electrode 30
of. the direct current amplifier T4.. As this lat-
ter voltage increases in. value, the cathode 20 of
the direet current amplifier T4 is driven negative
with respect to the chassis ground G. The elee-
trode plate 38 in the direct current amplifier tube
T4 is then positive with respect to the cathode 20
and draws current, causing .a negative voltage:to
appear across the load resistor R10. This nega-
tive voltage is applied over the circuit 14 to the
control grids 22 of the linear amplifier tubes
VT—2 and VT—3, thus reducing the gain of the
linear amplifier stage 8. The voltage level point
at- which -the control operates is the level -at
which the cathode 20 of the ditect current ampli-
fier T4 becomes negative with respect to the plate
electrode 33, and this point. may be varied ‘by
using the level control potentiometer R4 to-ap-
ply an adjustable direct current voltage to- the
control-grid 30 of the direct current amplifier- T4.
The grid electrode 30 of the tube T4 is connected
to a resistance potentiometer R1% which' deteér<
mines the range of control possible by the level
control R14."

Accordingly, in the automatic volume control
system_15, the potential of the cathode 20 of the
AUIUStiNent of the tap 35 of the potentiometer
R14 in order to select the negative bias that. de-
termines the magnitude of the output voltage e:
across the transIoTIer secondary wWinding.s con
trolled by thé aufomatic volume control circuit
18,:and-thus permit the-gain at: starting to bé a
maximum, the bias then béing a minimum at the
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time before the automatic volume contro} circuit
14 has any signal to operate on. Accordingly,
this circuit may be expected to start and oseil-
late all piezo-electric crystals, capable of oscil-
lation in other cirecuits. The crystal voltage ep
may be almost a linear function of the rotation
of a straight line type of potentiometer R14 used
as the level control, which indicates that the di-
rect current amplifier T4 may work on a linear
portion of its plate current-grid voltage charae~
teristic.

As mentioned hereinbefore, this oscillator is
adapted to operate at any frequency between the
rasonance and antiresonance frequencies of the
crystal element | and is capable of maintaining
e outpul voltage eo constant when the tuning
adjustient of the condenser Ct varies the fre-
quency for maximum voltage. Moreover, this o0s-
cillator permits the control of some 30 decibels or
more of automatic volume control at the operat-
ing level of the erystal element {, and is free from
amplitude disturbances for very high degrees of
automatic volume control. When the time con-
stant. of the automatic volume control circuit {4
is made as fast as possible, greater stability of
constant output may be obtained, Amplitude dis-
turbances arise for the most part from the low
frequency gain provided through the automatic
volume. control circuit 14 which may provide an
additional 8 feedback loop and at some frequency
the phase may be right to sustain an additional
low frequency oscillationand thus cause the os-
cillator to oscillate at two frequencies .simulta-

' neously.

It will be noted that the high degree of auto-
matic volume' control may be accomplished ' in
this- oscillator by the separation and independ-
ence given the limiter amplifier 1 from the linear
power amplifier 8, wherein the limiting action
provided by the limiting tube VI—I is above the
threshold of limiting by .an amount exceeding. the
variation in-the g8 ldop caused by the automatic
volume control circuit 14 and the limiter 1 is thus
enabled to-absorb the-changes in the gain of the
linear amplifier 8. Moreover, the tithe constant
of the limiter T may. be made fast compared to
that of the automatic volume control circuit 14 to
permit. the damping of transients.set up by such
changes in the gain that occur as a result of the
operation of the automatic volume control circuit

Fig. 3 is a circuit diagram- of an oscillation gen-
erator similar to that shown in Fig. 2, except for
the omission of one of the two' vacuum tubes
VT—2 ‘and: VT3 'from" tie linear amplifier 8
shown in Fig::2.: Accerdingly, as shown'in Fig. 3,
the linear power.amplifier 8 includes a .sirgle
vacuum tube VIT-—2, and the circuit in other re-
spects.is similar ‘to that: shown’' schematically in
Pig. 2.

Ag.anillustrative example in a particular case,
the resistance and capacitance and.other .values
of the component elements of an oscillator circuit
as illustrated in'Fig. 3 of about:5 megacycles per
second may ‘be roughly as follows: resistor Rt
about - 470,000 ohins, resistor R2 “about 33,000
oitms, resistor R3 about 1,000 ohims, inductance
L about 20 microhenries, resistor R4 about 500,000
ohms, resistor RS about 270 ohms, resistor R%
about 22 ohins, resistor RT about 33,000 ohms,
resistor R8 about 500 ohms, condenser Cl about
001 miecrofarad, condenser.C2 about 50 micro-
microfarads, condensers C3 and C4 -about .001
microfarad each, condenser Cf about-0 to 100 mi-
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cromicrofarads or other values to suit the circuit
tuning, condenser C6 about .001 microfarad, con-

‘denser Cs about 0 to 100 micromicrofarads or

other suitable value for tuning the circuit, and
condenser Ck about 200 micromicrofarads. The
limiting vacuum tube VI—I and the linear type
power tube VT—2 may be any vacuum tube suit-
able for such purposes. The crystal element |
may be any suitable piezoelectric crystal element
which for high frequencies may be a thickness-
mode AT or BT cut quartz crystal element as dis-
closed for example in U. S. Patent No. 2,218,200,
issued October 15, 1940, to Lack, Willard and
Fair.

Fig. 4 is a circuit diagram of a crystal con-

trolled oscillation generator using a single oscil-
lator tube VI—I{ functioning as a limiting ampli-
fier. The vacuum tube VT—I1 may be any suita-
ble limiting type vacuum tube which provides
some gain up to the region where the tube char-
acteristic levels off. As illustrated in Fig. 4,
the circuit comprises only one such oscillator tube
VT—I. The crystal controlled oscillator in Fig.
4 comprises in addition to the limiting vacuum
tube VT—I, the tunable transformer T, the crys-
tal and condenser circuit in the secondary wind-
ing S of the tuned transformer T, and other com-
ponent elements as hereinbefore described. A
condenser C disposed in the feedback circuit 10
may be used to couple the output and input cir-
cuits of the vacuum tube VI. The condensers
Cs and Ck may be used to divide the secondary
circuit voltage and provide a reduced voltage in
the feedback or g circuit 10, and for other pur-
poses as described hereinbefore.

Accordingly, the oscillator circuit as illustrated
in Fig. 4 comprises essentially the limiting ampli-
fier 1 including the vacuum tube VT—I followed
by the tuned transformer T which may be a volt-
age step-down transformer T having a primary
winding P shunted by the tuning condenser Ci,
and having a secondary winding S shunted by the
resonant crystal circuit which includes the
plezoelectric crystal | connected in series circuit
relation with the two capacitors Cs and Ck. The
capacitor Cs may be adjusted to operate the cir-
cuit at the resonant frequency of the series-con-
nected crystal element { and capacitor Cs. The
capacitor Ck, also being part of the series capa-
citance in the resonant crystal circuit, may be
used as a means for adjusting the frequency at
oscillation to substantially exact resonance of
the crystal circuit, and also it may be used to di-
vide the circuit voltage and develop the output
voltage eo across a relatively low impedance con-
denser Ck, to be used for feedback purposes as the
input voltage to the control grid 22 of the limiting
amplifier tube VI—I. As a result, the output
voltage eo, developed across the capacitor Ck has
been filiered twice, once by the tuned primary
winding P of the transformer T and again by the
resonant crystal cireuit itself, the result of such
filtering being an output voltage eo which is rela-
tively free from electrical harmonics. When the
tuning condenser Ct is tuned for resonance, the
effective capacitance across the crystal element |
may be substantially the same as the value of
capacitance in series with the crystal element {.
By adjusting the ratio of capacitance of the first
condenser Cs with respect to that of the second
condenser Ck, the amplitude of oscillations from
a given crystal element | may be varied. For
example, if it is desired to hold the voltage ap-
pearing across the crystal element | to a low
value, and still insure maximum sensitivity to
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starting oscillations of the crystal element |, the
feedback voltage ec may be made to correspond to
the greater portion of the sum of the voltage eo
plus ec appearing across both of the series-con-
nected condensers Ck and Cs. In the extreme
limit, the threshold of the limiting voltage applied
to the control grid 22 of the limiting tube VI—I
may become eo plus ec, and it may also be equal to
the voltage appearing across the erystal element
I since the crystal circuit is resonant, thus making
the voltage across the inductance characteristic of
the crystal element | equal to the voltage across
the series capacitance characteristic thereof.
In this way, the voltage across the crystal ele-
ment | may be controlled at any frequency be-
tween the resonant and antiresonant frequencies
of the crystal body I, and at voltage levels down
to a low value such as about one volt or less. At
the same time, stability of operation and assur-
ance of starting oscillations are of good quality.

The low level erystal oscillator circuit, as shown
in Pig. 4, may be used for testing, or for aging of
plezoelectric crystal elements 1, or wherever an
oscillator circuit having low distortion output
may be desired. This type of oscillator will per-
mit the oscillation of piezoelectric crystals | at
very low voltage levels, the start of oscillation is
certain even with a voltage of the order of one
volt applied across the crystal element |, and this
circuit will oscillate almost independently of the
effective capacity across the crystal body f, the
equivalent shunt capacitor Ck being varied be-
tween 10 and 100 micromicrofarads for example.

Although this invention has been described and
illustrated in relation to specific arrangements, it
is to be understood that it is capable of applica-
tion in other organizations and is therefore not to
be limited to the particular embodiments dis-
closed.

What is claimed is:

1. A crystal-controlled oscillation generator
comprising electronic amplifier apparatus having
input and output circuits, a tuned transformer
having primary and secondary windings, said pri-
mary winding of said transformer being connect-
ed with said output circuit of said amplifier appa-
ratus, a resonant crystal circuit comprising a
piezoelectric crystal body, a first capacitor con-
nected in series circuit relation with said crystal
body, and a second capacitor connected in series
circuit relation with said first capacitor and said
crystal body, said resonant crystal circuit being
connected with said secondary winding of said
transformer, and & feedback circuit connected
from a point intermediate said first and second
capacitors of said resonant crystal circuit to said
input circuit of said amplifier apparatus, said
amplifier apparatus being provided with means
for limiting and controlling the amplitude of said
oscillation supplied to said output circuit.

2. A crystal-controlled oscillation generator
comprising electronic amplifier apparatus having
input and output circuits, a tuned transformer
having primary and secondary windings, said pri-
mary winding of said transformer being connect-
ed with said output circuit of said amplifier ap-
paratus, a condenser connected in shunt circutt
relation with said primary winding for tuning
said transformer, said tuned transformer consti-
tuting means for adjusting the frequency of said
oscillation, a resonant crystal circuit comprising
a piezoelectric crystal body, a first capacitor con-
nected in series circuit relation with said
crystal body, and a second capacitor connected in
series circuit relation with said first capacitor and
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satd- crystal body; said resomant crystal circuit
being connected across said secondary winding of
sald transformer, and a feedback circuit connect-
ed from a point intermediate said first and second
capaciters of said resonant crystal circuit to said
Input- circuit of said amplifier apparatus, said
amplifier apparatus being provided with means
for limiting and controlling the amplitude of said
oscillation supplied to said output circuit..

3. A crystal-contrelled oscillation: generator
comprising. electronic amplifier apparatus hav-
ing input and output circuits, a tuned transformer
having primary and secondary windings, said pri-
mary winding of said transformer being connected
with said output circuit of said amplifier ap-
paratus, a condenser connected in shunt circuit
relation with said primary winding for tuning said
transformer, said tuned transformer constituting
means for adjusting the frequency of said oscilla-
tion, a resonant crystal circuit comprising 2 pieza-
electric crystal body, a first capacitor conneeted in
series circuit relation with said crystal bedy, and
a second capacitor connected in series circuit re-
lation: with said first capacifor and said crystal
body, at least one of said capacitors constituting
means. for adjusting the frequency of said oscilla-
tion, sald resonant crystal circuit being connected
across sald secondary winding of said frans-
former, and a feedback circuit connected from a
point: intermediate said first and second capaci-
tors-of. said resonant crystal circuit to said input

circuit of said amplifier apparatus, said amplifier

apparatus being provided with means for limit-
ing.and controlling the amplitude of said cscilla-
tion supplied to said output circuit.

4, A. crystal-controlled oscillation. generator
comprising electronic amplifier apparatus having
input and output circuits, a tuned transformer
having primary and secondary windings, said pri-
mary winding of sald transformer being- con-
nected with said output circuit of said amplifier
apparatus, a resonant crystal circuit comprising
a; piezoelectric crystal body, a first capacitor con-
nected in series circuit relation with said.crystal
body, and a second capacitor connected in series
circuit. relation with said first capacitor and said
crystal body, said resonant crystal circuit being
connected with said secondary winding of said
transformer, and a feedback circuit connected
from.a point intermediate said first and second
capacitors of said resonant crystal circuit to said
input circuit of said amplifier apparatus, said
tuned transformer and at least one of said first
and-second capacitors constituting means for ad-

justing the frequency of said oscillation between .

the: resonance and antiresonance frequencies of
said- crystal body, said amplifier apparatus being
provided with means for limiting and controlling
the amplitude of said oscillation supplied to said
output circuit.

5. A crystal-controlled -oscillation generator
comprising electronic amplifier apparatus having
input and- output circuits, a tuned voltage-step-
down. transformer having primary and secondary
windings, said primary winding of said trans-
former being connected with said output circuit
of said amplifier apparatus, a resonant crystal
circuit comprising a piezoelectric crystal body, a
first capacitor connected in series circuit rela-
tion with said crystal body, and a second capaci-
tor connected. in series circuit relation with said
first capacitor and said crystal body, said resonant
crystal circuit being connected with said sec-
ondary winding of said transformer, and a feed-

back:circuit connected from g point:intermediate -
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saldefirst: and-second:capacitors of said resenanth
crystatl cireuit: to said input cireuit of said ampli-
fler- apparatns,. said- tuned " transformer- and: at
least one of said first and second capacitors con~
stituting means-for -adjusting. the frequency of
sald: oscillation between the: resonance and anti-
resonance frequencies: of said crystal body, said
amplifier: apparatus ‘being: provided with means
forlimiting and:controlling the amplitude of said
oscillation supplied to said output circuit,

6.. A~ crystal-controlled: : oscillation generator
comprising:-a. limiter amplifier: having a voltage
limiting;characteristic; a:separatelinear amplifier
comprising - atileast one vacuum tube having a
substantislly linear response: characteristic, said
linear smplifier having an input circuit connected
witih: the -output circuit of said limiter amplifier,
a:tuned transformer -having primary and second-
ary - windings, said - primary. winding of said
transformer being-connected with the cutput cir-
cuit-.of said linear-amplifier, a resonant crystal
circuit: connected i shunt- circuit. relation with
said secondary winding of said transformer, said
resonant crystal cireuit comprising a piezoelectric
crystal body; a- first capacitor connected in series
circuit relation with said-crystal body, and a see-
ond capacitor connected in series circuit relation
with said first' capacitor and: said crystal body, a
feedback: circuit- connected from  said resonant
crystal cireuit-to: the-input circuit of said limiter
amplifier; and means-including.a rectifier con-
nected from:said- resonant crystal circuit to said
input - circuit of said- linear amplifier for -con-
trolling- the-amplitude -of -oseillation in said. res-
onant crystal circuit.

7. .A: crystal-controlled oscillation- generator
comprising- a: limiter amplifier having a voltage
limiting charaeteristic, & separate linear amplifier
comprising at least one vacuum: tube having a
substantially linear response. characteristic, said
linear-amplifier having an input circuit connected
with the output circuit of said limiter amplifier, g
tuned transformer -having primary and:secondary
windings, said. primary winding of said trans-
former: being connected with the output circuit
of said linear amplifier, a. resonant crystal cir-
cuit  connected in shunt relation with said sec-
ondary winding of said transformer, said res-
onant crystal. circuit: comprising :a - piezoelectric
crystal body, a first eapacitor-connected in series
circuit relation with said crystal body, and a sec-
ond capacitor connected in-series circuit relation
with said ‘first capacitor -and- said crystal body, a
feedback:- circuit' connected from said resonant
crystal.circuit to-the input- cireuit of said: limiter
ampiifier, and means including a rectifier. and a
direct current amplifier-connected from said res-
onant _crystal circuit- to said input cireuit of said
linear-amplifier-for controlling the amplitude of
oscillation. in: said: resonant: crystal circuit, the
time -constant of: said: last-mentioned amplitude
control means being slower than the time constant
of said limiter amplifier,

8: A  crystalzcontrolled oscillation generator
comprising: & limiter -amplifier-having a voltage
amplitude; limiting: characteristie, a: separate lin-
ear: amplifier comprising at least one vacuum
tube having a substantially linear response char-
acteristic;. said linear: amplifier having an input
cireuit: connected- with the output circuit of said
limiter: ampilifier; a tuned transformer having
primary and: secondary. windings; said primary
winding-of said-transformer being-.connected with
the: output: circuit: of: said. linear- amplifier, a
resonant crystalicircuit: connected:in:shunt rela-
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tion with said secondary winding of said trans-
former, said resonant crystal circuit comprising
a piezoelectric crystal body, a first capacitor con-
nected in series circuit relation with said crystal
body, and a second capacitor connected in series
circuit relation with said first capacitor and said
crystal body, a feedback circuit connected from
said resonant crystal circuit to the input circuit
of said limiter amplifier, and means including a

rectifier connected from said resonant crystal cir- 1

cuit to said input circuit of said linear amplifier
for controlling the amplitude of oscillation in said
resonant crystal circuit, the time constant of said
last-mentioned amplitude control means being
slower than the time constant of said limifer am-
plifier, said tuned transformer and at least one of
said first and second capacitors constituting
means for adjusting the frequency of said oscilla-
tion between the resonance and antiresonance
frequencies of said crystal body.

9. A crystal-controlled oscillation generator
comprising a limiter amplifier including an over-
loaded vacuum tube having a substantially flat
response characteristic, a separate linear ampli-
fier comprising at least one vacuum tube having &
substantially linear response characteristic, said
linear amplifier having an input circuit connected
with the output circuit of said limiter amplifier, a
tuned transformer having primary and second-
ary windings, said primary winding of said trans-
former being connected with the output circuit
of said linear amplifier, a resonant crystal circuit
connected in shunt relation with said secondary
winding of said transformer, said resonant crys-
tal circuit comprising a piezoelectric crystal body,
a first capacitor connected in series circuit rela-
tion with said erystal body, and a second capaci-
tor connected in series circuit relation with said
first capacitor and said crystal body, a. feedback
circuit connected from a point between said first
and second capacitors of said resonant crystal
circuit to the input cireuit of said limiter ampli-
fier, and means including a rectifier connected
from said resonant crystal circuit to said input
circuit of said linear amplifier for controlling the
amplitude of oscillation in said resonant crystal
circuit, said tuned transformer and at least one
of said first and second capacitors constituting
means for adjusting the frequency of said os-
cillation between the resonance and antireso-
nance frequencies of said crystal body.

10. A crystal-controlled oscillation generator
comprising a limiting type emplifier having an
output circuit connected in tandem with and
supplying oscillations to the input circuit of a
separate linear type power amplifier, a trans-
former having primary and secondary windings,
said primary winding being connected with the
output circuit of said linear type amplifier, a se-
ries circuit comprising a piezoelectric crystal
element, a plurality of series connected capaci-
tors and said secondary winding of said trans-
former, said series circuit comprising the output
circuit of said transformer, a feedback circuit
connecting the output circuit of said series circuit
with the input circuit of said limiting amplifier,
and an automatic volume control circuit con-
nected with and supplying rectified voltage from
said output circuit of said transformer to said
input circuit of said linear type amplifier, said
limiting type amplifier comprising a relatively
fast-acting limiter of the amplitude of said os-
cillations and said automatic volume control cir-
cuit comprising a relatively slower acting limiter
of the amplitude of said oscillations.
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11. A crystal-controlled oscillation generator
comprising an amplitude limiting amplifier, a
separate linear amplifier connected in the output
circuit of said limiting amplifier, a phase-shift-
ing tuned transformer having a primary winding
connected with the output circuit of said linear
amplifier, a series resonant circuit including a
piezoeleciric element and a capacitor and the
secondary winding of said transformer, a feed-
back circuit connecting said series resonant cir-
cuit with the input circuit of said limiting ampli-
fier, and automatic amplitude control means in-
terconnecting the input and output circuits of
said linear amplifier, the time constant of said
limiting amplifier being faster than that of said
automatic amplitude control means.

12. A crystal-controlled oscillation generator
comprising a limiting non-linear type single-stage
amplifier provided with means for limiting the
amplitude of said oscillation, a tuned transformer
having a primary winding and a secondary wind-
ing, said primary winding being connected across
the output circuit of said limiting amplifier, a
resonant crystal circuit shunted across said sec-

5 ondary winding of said transformer, said reso-

nant crystal circuit comprising a piezoelectric
crystal body connected in series circuit relation
with a capacitor and an additional capacitor, sald
additional capacitor constituting means for ad-
justing the frequency of said oscillation to res-
onance in said crystal circuit and for developing
an output circuit voltage across its impedance,
and a feedback circuit connecting said output cir-
cuit voltage with the input circuit of seid limiting
amplifier.

13. A crystal-controlled oscillation generator
comprising g limiting non-linear type amplifier,
including an overloaded vacuum tube constitut-
ing means for limiting the amplitude of said os-
cillation, a tuned transformer having s primary
winding and a secondary winding, said primary
winding being connected with the output circuit
of said limiting amplifier, a resonant crystal cir-
cuit shunted across said secondary winding of
said transformer, said resonant crystal circuit
comprising a piezoelectric crystal body connected
in series circuit relation with a capacitor and an
additional capacitor, said additional capacitor
constituting means for adjusting the frequency of
said oscillation to resonance in said crystal cir-
cuit and for developing an output circuit voltage
across its impedance, and a feedback circuit con-
necting said output circuit voltage with the input
circuit of said limiting amplifier, said transformer
being a step-down transformer for supplying a re-
duced voltage to said resonant crystal circuit.

14, A crystal-controlled oscillation generator
comprising a single-stage, voltage limiting non-
linear type amplifier, a tuned transformer hav-
ing a primary winding and a secondary winding,
said primary winding being connected across the
output circuit of said limiting amplifier, a res-
onant crystal circuit shunted across said second-
ary winding of said transformer, said resonant
erystal circuit comprising a piezoelectric crystal
body connected in series circuit relation with a
capacitor and an additional capacitor, said addi-
tional capacitor constituting means for adjusting
the frequency of said oscillation to resonance in
said crystal circuit and for developing an output
circuit voltage across its impedance, and a feed-
back circuit connecting said output eircuit volt-
age with the input circuit of said limiting am-
plifier, said transformer being a step-down trans-
former for supplying a reduced voltage to said
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resonant crystal circuit, and the ratio of the ca-
pacitances of said capacitor with respect to said
additional capacitor being a value corresponding
to the desired amplitude of oscillations of said
crystal body.

15. A crystal-controiled oscillation generator
comprising means for amplifying and limiting the
amplitude of said oscillation, said means com-
prising a single vacuum tube having. a substan-
tially flat response overloaded characteristic, a
tuned step-down transformer comprising primary
and secondary windings and a tuning condenser
disposed in shunt circuit relation with said pri-
mary winding, said primary winding being con-
nected in shunt with the output of said limiting
amplifier tube, a resonant crystal circuit connect-
ed in shunt with said secondary winding of said
transformer, said resonant crystal circuit com-
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prising a piezoelectric crystal element, a first ca-
pacitor connected in series circuit relation with
said crystal element, and a second capacitor con-
nected in series circuit relation with said first
capacitor and said crystal element, and a feed-
back circuit connected from a point intermediate
said first and second capacitors in said resonant
crystal circuit to the input circuit of said limit-
ing amplifier vacuum tube, said tuned transform-
er and one of said capacitors constituting means
for adjusting the frequency of said oscillation
between the resonance and antiresonance fre-
quencies of said crystal element, and the ratio
of the capacitances of said first and second ca-
pacitors being a value corresponding to the am-
plitude of oscillation of said crystal element.
CHARLES W. HARRISON.



