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Acceleration, 110, 112, 121
sensitivity, 113
shock, 67,110, 112, 121
tip-over, 110, 112
vibration, 92, 110, 112, 113, 119, 121
Activity dips, crystal, 117, 118
Aging:
component, 418
crystal, 67, 96, 100, 101, 109, 110, 119, 121
ALC oscillator system:
components, description, 374-382
of amplifier X ,, ac, 380
of amplifier X3, dc, 381
of comparator, 381
of detector, K, 380
general, 370-374
of Gy loop, 370-372
noise performance of ALC loop,
373-374
requirements for K; and V., 372-373
of noise characteristics, 381-382
of oscillator, 374-379
of output amplifier, 381
of output filter, 382
Vrer, 381
noise:
performancece of ALC loop, 373-374
phase noise, prediction of, 382
pierce oscillator in, 375-377
Algorithms, 280-352
for Butler oscillator, stable design, 345-352
for Butler oscillator, X, = 0 design,
338344
conversion efficiency in, 284
design examples, 284. See also Design
examples
form of, 282-283

for isolated Pierce oscillator, 301-308
for normal Colpitts oscillator:
cutoff limiting, 318-327
collector limiting, 309-317
for normal Pierce oscillator:
cutoff limiting, 293-300
collector limiting, 285-292
programming for, 284
for semi-isolated Colpitts oscillator,
328-338
use of, 284
Amplifiers:
cascode, 362-363
clamped biased JFET, 63-65
neutralized, isolating, 416
Amplitude-frequency, effect in crystals, 115,
117
Angle, see Cuts
orientation, 80, 100, 106—108, 111
tolerance 108, 109
Automatic level control limiting, ALC,
169-170, 369

Bipolar transistor, 29-59
biasing, 57-59
common-base, 52-57
two port small signal characteristics,
Y5, Ying, and a = hyy,, 52
hybrid-PI model, 53
large signal characteristics, 53—-56
for sinusoidal iz, 53-56
for sinusoidal Vg, 53
common emitter, 37-51
large signal characteristics, 47-51
small signal hybrid-PI model,
37-47
B calculation of, 41-43

447
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fr» discussion of, 42-43
intrinsic transistor, 29, 38
local feedback, effect upon
performance, 44-46
variation of parameters with voltage,
current and temperature, 41
Ye, Y,e, and Y, calculation of, 44
Y., calculation of, 43
comparison of common-base and
common-emitter hybrid-PI
models, 54
minimum value for f;:
resonator in parallel with base and
emitter, 163-164
resonator in series with emitter, 252
minimum value for 3,, 164
relationships for parameters, 28
typical data:
for 2N918, 30-31
for 2N2857, 36-37
for 2N2947, 32-36
Bottoming effect, 172
Butler oscillator, 250-269
circuit analysis, 251-264
A, gain, factor, concept of, 259
approximations and assumptions for,
251-252
design procedures, discussion of,
262-264
assumption A, 264
frequency stability relationships, 255
L,, calculation of, 260--261
limiting:
assumptions for, 252
collector base voltage limiting, 260
RlN limitiﬂg, 260
type of limiting used, 260
oscillatory conditions, derivation of,
252-255
Qs calculation, effect of, 261
P, Py, Py, V., Vi, V,, and Z,, calculation
of, 256-257
Ry, X,, Z.,in terms of physical
componénts, calculation of, 262
transistor approximations, 252
Z,, in terms of physical components,
255-256
description of, 250
stable Butler oscillator, theory and design
of, 268-279
background for, 268
basis of design, 269
C.., effect of, 272-273
design algorithm, 273, 345-352
design examples, 274-275, 277-278

oscillator relationships, 269-271
Q.», calculation of, 279
trimming, 276, 279
X, .and X, _, relationships for, 271

X 4.0 design procedure, 257-259, 264-268
design algorithm, 264, 338-344
design example, 264-266, 267
Q,p, calculation of, 261-262
relationships for X ,_,, 257-259
trimming, 266, 268

C',, calculation of, 191-192
C,,, calculation of, 191, 223
Capacitance, crystal:
load, 70, 71, 76, 77, 90-92, 117, 120, 121
motional, 70, 71, 82-85, 87-89, 91-93, 96,
97, 100, 102-104, 114, 120
overtone, 83, 84, 88
ranges, 86, 88
ratio, 79, 82, 85, 87, 89, 91-93, 95, 96, 100,
102, 104
stray, 71, 72, 76, 89, 91
trimmer, 77, 82
wiring, 76
Capacitors, associated with crystal, 66, 74, 94
Circuit, crystal:
equivalent electrical, 66, 69-71, 95, 97, 98,
101, 104, 105
motional arm parameters, 71, 79, 83-85, 87,
89,91, 95, 96, 102, 104, 105
Circuitry, oscillator, frequency stability
requirements of, 402-410
Clamp biased amplifier, 6365
Clamp biased limiting, 63-65, 179
Clapp Gouriot oscillator, 167
Clapp oscillator, see Pierce, Colpitts and
Clapp oscillator family
Colpitts oscillator, see Pierce, Colpitts and
Clapp oscillator family
normal, 181-207
semi-isolated, 233-249
Coupling in crystals:
mechanical, 102, 104, 105, 117
piezoelectric, 81, 82, 87, 89, 95,97, 99,
109
Crystal parameters, measurement of, 424425
Crystal physical location, problem due to, 415
Crystal responses, problem due to, 413-414
Crystal resonator, see Plates
CR-numbers, 91-93
Current, crystal, I, 78, 89, 114, 115, 117, 146,
151
measurement of, 206, 421
Cuts, crystal, 69, 80, 82, 85, 92, 93, 100, 104,
106, 120



doubly rotated, 96, 97, 117

SC, 83, 87, 88, 92, 97-100, 102, 106-108,

110-115, 117-119
singly rotated, 97

AT, 81, 83, 86-89, 92, 96, 97, 99, 100,
104, 106, 107, 111-115, 117, 118

BT, 83, 86-88, 97, 104, 106

GT, 86, 87, 102, 106

GT, 86, 87, 102, 106

SL, 86,87, 102

ST, 100, 117

Darlington pair, 358-363
Delay line, 101
Design examples:
for Butler oscillator:
stable design, 274-276,277-278
X, = 0design, 264-266, 267
for isolated Pierce oscillator, 216,
217-218
for normal Colpitts oscilator:
cutoff limiting, 227, 228-231
collector limiting, 224, 225-226
for normal Pierce oscillator:
cutoff limiting, 200, 201-204
collector limiting, 195, 196-198
for semi-isolated Colpitts oscillator,
241-248
Design procedure, 194. See-also individual
oscillator name
Dielectric constant, quartz, 87, 91
Dielectric permittivity, quartz, 87, 91.
Diode limiter, see Limiting, diode
Drive level, crystal, 20, 110, 114, 115,
117-121. See aiso Activity dips;
Amplitude-frequency

Electrode, crystal, 113
deposition, material, 69
geometry, 89-91, 98, 100, 104, 105, 109,
117
stresses in, 98, 100, 109, 119
Enclosures, crystal, 66, 68, 69, 90, 95, 104,
115,120, 121
ambient, 69, 80, 85, 109, 110
geometry, 68, 104
material, 68
sealing, 68, 109, 110
terminals, leads, 66, 68
Environment, crystal, 92, 110. See also
Acceleration; Radiation;
Temperature
External limiter, 169, 364-368.

Filter, crystal, 79, 82, 96, 101, 105, 119, 382
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Frequency:
characterization of, 21
in crystals:
accuracy, 67
antiresonance, 73, 74, 78, 79, 82, 83, 91
changes, 94,96, 102, 112, 114, 117-119
constant, N,, 81,97
load, 71, 75, 76, 91, 93, 95, 109
modulation, 82,94, 113
operating, 71, 74, 76, 78, 79, 82, 89, 92,
93, 96, 100, 102104, 117, 120
pulling, 82, 93, 95
range, 67-69, 85, 95, 103
resonance, 73, 75, 76, 78, 82, 83, 92-95,
97,109, 113
series resonance, 73, 76, 92
stability, 67, 83, 84, 93, 95,97, 100, 102
tolerance, 92, 93, 102, 108, 109, 120
Frequency stability, 18, 21. See also individual
oscillator circuit
characterizations of, 20-21
circuitry, evaluation of, 402-410
long and short term, 18
Frequency stability analysis:
in Butler oscillator, 255
in isolated Pierce oscillator, 193, 194, 219
in normal Colpitts oscillator, 192-194, 227,
232
in normal Pierce oscillator, 192-194, 199,
205
in Pierce, Colpitts and Clapp oscillator
family, 164-168, 192-194
in semi-isolated Colpitts oscillator,
193-194, 241
Frequency stability in LC oscillators, 123, 133
Frequency-temperature characteristics:
crystal, 82, 96, 97, 100, 109, 118
dynamic, 110, 111
static, 105-107, 111
cubic, 99, 108, 111
parabolic, 108
turn-over, 108, 111, 112

Gate oscillators:
crystal operating in inductive region,
392--393
crystal operating near series resonance,
394395
limiting, type of, 391
Gates:
biasing of, 386-388
classification of, 384-385
conversion into equivalent inverters, 389
inverter approximate equivalent circuit,
390-391
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Harmonic, crystal, see Overtone

Holders, crystal, see Enclosures
HC-numbers, 68, 69, 81, 90,99, 115, 122

Hysteresis, crystal:
amplitude-frequency, 115
thermal-frequency, 112

Immittance, 3-6
approximate relationships for, 4
polar notation, 3
rectangular notation, 3
specialized forms, 4-5
Z = R + X representation, 5, 6
Inductance, crystal:
motional, 70,71, 83, 84, 89,91, 97
overtone, 83, 84
region of positive, 73, 79, 83, 93, 95
Inductors for crystals, 93-95, 102
Integrated circuit gate oscillators, 398-399
Type 74124, 398
Type 74324, 398
Type 8224, 398
Type SP 705, 399
wristwatch oscillators, 399
Integrated circuit linear oscillators, 399400
Type DS 8907, 400
Type MC 12060, — 1, and MC 12560, —1,
400
Type SL 680A, 400
Inverter equivalent circuit, 390-391
Isolated Pierce oscillator, 208-219. See ailso
Normal Pierce oscillator; Pierce,
Colpitts and Clapp oscillator
family
advantages of, 208
circuit analysis, 208-215
additional design equations, 211-214
basic equations, 208--211
practical values of R,, 214
R, , for minimum power consumption,
calculation of, 214-215
design procedure, 215
design algorithm, 215, 301-308
design examples, 216, 217-218
trimming, 216, 219
frequency stability, 219
limiting, 215
Isolation, 18, 208, 234, 235, 282, 416-417

Junction field effect transistors (JFET),
59-65. See also Transistors
clamp biased amplifier circuit, 6365
common source large signal characteristics,
62-65
ideal small signal characteristics, 59-61

noise properties, 59, 379
small signal high frequency characteristics,
61-62

Leeson oscillator noise model, 382
Limiting:
ALC, 169-170, 369
diode, 179-180, 365, 366
external, 169, 364-368
self:
bipolar transistor, sinusoidal ig, 178-179
advantages of, 178-179
collector base voltage, 179
R, 179
bipolar transistor, sinusoidal vgg,
170-178
advantages of, 170-171
base emitter cutoff, 171-172
collector base voltage, 172-178
when R, = 0,175-176
whenR; >>r, , 176-178
JFET, sinusoidal, vgs, 179
clamp biased, 179
drain gate voltage, 179
Linear two port networks, 7-12, 22-28
parameters for, 7-12, 22-28
conversion:
between h and y, 24
between h and z, 25
between s and v, 25
between y and z, 12
definition:
ofh,y,z,7-9
of s, 24
relationships for, 9-10
Y networks, relationships for, 10-11
Lithium niobate, 68
Lithium tantalate, 68, 104
Llator, 79, 92
concept, 14, 403-404
measurement of, 423-424, 429-430
Load impedance transformation, 160-163
capacitance coupling network, 162
capacitive divider coupling network,
161
PI coupling network, 162
transformer coupling network, 161
Local oscillator, 130-131
narrow range, 130131
wide range, 130
Losses, circuit components, 261, 283
ambient, 80, 85
crystal, see Mount; Trapping
internal friction, 80
mounting, 80, 81, 85



Measurements:

ac current, 206, 421

ac voltage, 420-421

dc current, 420

dc resistance, 420

dc voltage, 419

large signal immittance, 428-430
three terminal networks, 428-429
Z;,429-430

oscilloscope, with, 422

Q,,, 206-207

small signal impedance, 422-428
¢ mode selector, 424
crystal parameters, 424-425
linear and non-linear components, 423,

424,425-428

overtone selector, 424
passive components, 423
transistors, 425-428

Zy,,423-424
Merit, figure of, crystal, 74, 81, 82, 90, 92, 93,
95, 100, 102, 104
Miller effects, 149-150, 235-237, 262-263,
272-273, 363

Miller oscillator, 133
Miniature packaged crystal oscillators,
400-401
Mode selection networks, 155-160, 240
measurement of, 424
Modes of vibration, 69, 80, 82-84, 117
a, b, ¢ thickness, 69, 97, 107
separation, 97, 98
spectrum, 96, 98, 99, 105, 113
unwanted, 84, 104, 105, 121
Motion, crystal
distribution of, 89-91, 98, 104
at edges, 81
measure of, ¥, 89, 91, 98
Motional arm, see Circuit, crystal
Mount, crystal
bonding, 69, 109
losses, 80, 85, 89
stresses, 109, 110
support structure 69, 85, 104, 121

Noise:

circuit components, 381

crystal, 110, 119
amplitude-to-frequency, 120
equivalent resistance, 119
flicker, higher-order, 119
polarization, 114
voltage, 119

oscillator, 375-377. See also ALC oscillator

system
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oscillator spectrum of, 375-377, 382
phase prediction of, 382
transistor, 379
Non-linear two port networks, 12
Normal Colpitts oscillator, 220-232. See also
Normal Pierce oscillator; Pierce,
Colpitts and Clapp oscillator
family
circuit analysis, 221-223
C,z, calculation of, 223
R, and V,, calculation of, 221-222
Vg, calculation of, 223
description of, 220
design procedure, 223-232
be cutoff limiting, 227-232
design algorithm, 227, 318-316
design examples, 227, 228-231
trimming, 227, 232
collector base voltage limiting, 223-227
design algorithm, 224, 309-317
design examples, 224, 225-226
trimming, 224, 227
frequency stability, 192194, 227, 232
Normal Pierce oscillator, 181-207. See also
Pierce, Colpitts and Clapp
oscillator family
amplitude variation due to changes in Vg,
193-194
C', calculation of, 191-192
C, 2, calculation of, 191
circuit analysis, 181-192
fundamental design equations,
185-186
gm, calculation of, 190-191
modified PCCF equations, 182184
R, andV,,,,., calculation of, 186~189
Vg, calculation of, 189-190
description of, 181
design procedure, 194-205
be cutoff limiting, 199-205
design algorithm, 199, 293-300
design examples, 200, 201-204
trimming, 200, 205
collector base voltage limiting,
194-199
design algorithm, 195, 285-292
design examples, 195, 196-198
trimming, 198
frequency variations due to external
factors, 192-194, 199, 205
changes inload R, 192-193
changes in Vg, 193, 194
measurement techniques
I; or I, 206
Qop, 206-207
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Osci;
concept, 14,402, 403
replacement for inductive crystal, 405
replacement for series resonant crystal, 407
Oscillator:
circuit:
names of, 3
selection, 280-281
classification of, 2
abbreviations for, 2
crystal, other circuit configurations,
353-368
Colpitts, low harmonic and noise, 356
Darlington pair Colpitts, 361-362
high-efficiency, 357
low frequency, 354-356
two transistor, 364-368
diode limiting, 365, 366
emitter coupled, 365, 367-368
and limiter, 364-365
semi-isolated Colpitts with cascode,
output circuit, 363
with separate variable gain control,
365,367
definition of, 1, 17
delay line, 101
harmonic, definition of, 2
models for, 13-17
feedback, 15-17
negative conductance/resistance, 13-15
names of, 3
problems, 411417
aging of components, 418
crystal physical location, 415
isolation, 416417
spurious oscillations, 411-413
spurious signals due to crystal responses,
413-414
squegging, 414-415
starting, 415-516
hysteresis, 415-416
starting, 415-416
temperature compensated crystal, TCXO,
82,109
turn-on, turn-off, 109
variable crystal (VCXO0), 82, 93
Oscillator:
definition of, 17
vs. oscillator, 18
specifications, 18
test of, 417
Oven, 92, 112
noise performance, effect on, 119
reference point, 112

time constant, 111
turn-on, turn-off, 109-111
QOvertone, crystal:

high, 83, 95
number, 69, 80, 82-85, 97-100, 104, 114,
117,120

units, 80, 86, 91
Overtone selection networks, 153-155,
157-160, 240
measurement of, 424

Phase angle of g,,, effect of, 137-138
Phase noise:
curves of, 376-377
prediction of, 382
Pierce, Colpitts and Clapp oscillator family,
125-180
idealized oscillator, 128138
crystal oscillator, 133-136
crystal inductive region, 133-136
crystal in series resonance or capactive
region, 95, 136
LC oscillator examples, 130-133
phase angles of g,,, effect of, 136-138
real oscillator, 139, 160
assumptions and conditions, 141142
circuit design equations, derivation of,
145-151
Ch. contribution of, 149-150
currents and voltages, 146149
oscillator operating Q, calculation of,
150
power, output, 146
X,, 147148
crystal oscillator, 151-160
fundamental wide frequency, range
oscillators, 152-155
mode selection circuits, 155-160
overtone selection circuits, 153-155
frequency stability analysis, 164—168
crystal oscillators, in, 167-168
stabilizing capacitor C’;, 165-167
oscillatory equations, calculation of,
142-145
amplitude equation, 144
frequency equation, 145
negative resistance, 144
Pierce oscillator, see ALC oscillator system;
Isolated Pierce oscillator; Normal
Pierce oscillator; Pierce, Colpitts
and Clapp oscillator family
Plates, crystal, see Electrode, crystal
dimensions, 81, 90, 91, 103
geometry:



bevelled, contoured, 81, 91, 98, 105, 117
flat, 69, 80-82, 84, 87, 88, 98, 104, 117
Polarization, crystal, 113, 114, 120
Pole-zero spacing, crystal, 79, 82, 90, 95, 97,
100
Power level, crystal, 20, 78, 115, 118

Qop, 79-80, 150-151. See also specific oscillator
circuit listed by name
measurement of, 206207
Quality factor, crystal, Q,, 78-81, 89,92, 93,
95,96, 100-104, 118, 119
Quartz, 68, 104
cultured, natural, 68,118
etching of, 115, 119
impure, swept, 68, 118, 119
surface preparation, 108, 115
Quartz cuts, see Cuts

Radiation, 118, 119
Reactance, crystal:
change with frequency, 75, 78
equivalent series, 72, 73, 76, 83, 93
motional, 77
positive, 79
sharpness, 79
slope, 76, 78, 79, 84, 92-95
variable, varactor, 94
zeros, 73, 83
Realizable maximum values:
of resistance of resistor, 6-7, 214
of resistance of tuned load, 6
Required value of 8,, 164
Required value of f;:
sinusoidal iz, 252
sinusoidal vgg, 163-164
Resistance, crystal, 100-104, 114, 115, 117,
119
apparent, 114,118
change, with temperature, 80, 102
equivalent series, 72, 73, 76, 78, 83, 90, 102
load, 71, 75, 77, 80, 90, 92, 120, 121
motional, 70, 71, 73, 83, 84, 88-93, 96, 97
overtone, 84, 87
ranges, 87
shunt, 95,96, 114, 120
Resonance-antiresonance spacing, crystal,
79, 82, 90, 95,97, 100
Resonance curve, crystal:
sharpness, 79
width, 79
Resonators, crystal, 66, 70, 122
bulk, BAW, 67, 100, 101, 117
ceramic, 68, 95, 96

Index 453

miniatire, 84, 92, 102, 104

one-, two-port, 70, 71, 101, 102

other
electromechanical, 124
inductance capacitance (LC), 123
magnetostriction, 124

surface, SAW, 67,92, 100-102, 117

Responses, crystal modal, see Modes of
vibration

Selection:
mode, 155-160, 240
oscillator circuit, 280-281
overtone, 153155, 240
Self-limiting, see Limiting, self
Semi-isolated Colpitts oscillator, 233-249. See
alse Colpitts oscillator; Normal
Colpitts; Pierce, Colpitts and
Clapp oscillator family
circuit analysis, 233-240
description of, 233
isolation characteristics, 234, 235
limiting, 237
Miller effects, 235-237
overtone and mode selection, 240
R, calculation of, 238
R, calculation of, 239-240
VgandV, ., calculation of, 238
design procedure, 241
design algorithm, 241
design examples, 241-248
trimming, 248-249
frequency variation due to external factors,
241
Specifications:
crystal, 94, 115, 120-122
oscillator, 18-19
Spurious oscillations, 411-413
Spurious signals due to crystal responses,
413-414
Squegging, 414-415
Stability, frequency, see Frequency, stability
Stabilizing capacitor,C';, 165-167
Stable Butler oscillator, see Butler oscillator
Stable LC oscillator, 132-133
Stiffness, crystal, 76, 82, 100
Stress compensation, crystal, 98, 99

Temperature, crystal:
compensation, 82, 94
frequency stability over, 92, 100, 108
inflection, 100, 107, 108
operating range, 67, 80, 92, 93, 100, 102,
108, 109, 112, 118, 120, 121
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reference, 105, 108. 111, 120
transients, 98, 100, 110, 111, 118, 119
Temperature coefficients, crystal:
first order, 96, 98, 99, 103-105, 107, 117
higher order, 103108
Time constant:
crystal, motional, 80, 85, 87, 89, 90, 97, 99
oven, 111
Transistors, 22-46. See also Bipolar
transistors; Junction field effect
transistors
comparison of JFET and bipolar transistor
properties, 60
Darlington connection, two port small
signal parameters:
conversion among common base/gate,
common collector/drain and
common emitter/source
parameters, 26-28
conversion among k, s, y, z parameters,
12,2425
notation for, 23-24
Trapping, energy, 90, 104
Trimming:
for Butler oscillator:
stable design, 276, 279
X, = 0 design, 266, 268
for isolated Pierce oscillator, 216, 219

for semi-isolated Colpitts oscillator, 248-249
for normal Colpitts oscillator:

collector cutoff limiting, 224, 227

cutoff limiting, 227, 232
for normal Pierce oscillator:

collector limiting, 198-199

cutoff limiting, 200, 205

Vibration, crystal, see Acceleration; Modes of
vibration

coupled, 69, 103

edge, 103

extension, 69, 103

flexure, 69, 102, 103, 117

shear, 69, 102, 103

types of, 69, 80, 82, 84, 85, 102, 103
Voltage, crystal, 113-115

Wristwatch oscillators, 399

Y admittance, 3-4
Y networks, 9-12
Y parameters, 7-8

Z impedance, 3-4

Z = R + X, representation, 5-6
Z networks, 10

Z parameters, 8
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