
Index 

omode 37 

Acoustic coupling 153 
Acoustic attenuation 32 
Acoustic loss 112-3 
Activity dips 55, 117 
Adjusting to frequency 81-3 
Admittance 

AC-cut 19 

circle 100 
of crystal 92-8 
of motional arm 92-6 

causes 77, 117 
in crystals 117 
in oscillators 131-4 
processes 77, 117 
rates 118 

Air-gap electrodes 78 
Alphaquartz 3-5 
Amplifier 127 
Amplitude 

Ageing 117 

of oscillation 128 
of vibration 48, 153 

of crystal equivalent circuit 91-103 
of filter networks 144 
of oscillator circuits 128-131 

of crystal cut 17-21, 37 
tolerances in manufacture 20-2, 64, 114 

Analysis 

Angle 

Anisotropic material 6 
Anti-resonance 28,92, 95 
Anti-symmetric modes 26 
Anti-symmetric tensors 164 
Approximate plate theories 49 
Approximation, quasi-static 180 
Array, of scattering centres 64 

Atmosphere, effect on resonator Q 32, 113 
Atomic planes 64 
Attenuation 

AT-cUt 19,3143, 41 

maximum in filter passband 141 
minimum in filter stopband 141 

Autoclave 3 
Axes 

coordinate 5, 162 
crystallographic 5 
electric 4 

optic 4 
polar 4 
symmetry 4 

bmode 37 
Bandbreaks 55, 117 
Bandpass filters 141 
Bandstop filters 141 
Bandwidth 

passband 141 
stopband 141 
transition region 141 

Bar resonator 11, 14 
Base-plating 78-9 

Bechmann’s number 59 
Beta quartz 3, 5 
Bevelling 58-9 
Bimorph resonator 14 
Blank diameter 107-9 
Blank geometry 59-60, 107 
Bonding 81 
Boundary conditions 

BC-cut 19 

plate waves 47, 58, 209 
thickness modes 25, 58,209 

Bragg angle 65 
Bragg reflection 65 
Bravais-Miller indices 65 

Butterworth filter 155 

cmode 37 
Capacitance 

BT-cut 19, 37, 42 

coupling 153-4 
motional. C, 30, 91, 110 
ratio r 30, 92, 96, 11 1 
shunt 28-30,91, 110 
static 28-30, 91, 110 

Cascaded lattice filter 148 
Centre of symmetry 4 
Ceramic filters 143 
Characteristic frequencies 92-5, 101 -2 
Chebyshev filters 155 
Chemical etching 77 
Chemical polishing 77 
CI meter 120 
Clapp oscillator 130 
Cleaning quartz crystals 77, 118 

225 
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Clock oscillator 137 
Colpitts oscillator 130 
Compensation, of crystal oscillator 137 
Compliance, elastic 195, 202 
Constants, material 5 ,  194 

density 3, 5-7 
dielectric 5-7, 195 
elastic 5-7, 194 
piezoelectric 5-7, 194 
temperature coefficients of 6-8, 32 

Constitutive relations 
linear 8,23, 193 
non-linear 188 

Contouring 58-9, 74 
bowl 75 
drum 74 

Convention, sign 5 ,  37 
Coordinates 162 

rotation I97 
transformation 162 

Coupled modes 9, 12, 14-5, 19, 51 
Coupled resonators 153 
Coupling, acoustic 153 
Coupling coefficient, electromechanical 

Crystal resonators, quartz 
36-7,40 

AC-cut 19 
AT-cUt 19, 37-8,41 
BC-cut 19 
BTcut 19, 37.42 

DT-cut 19 

GT-cut IS ,  18 
IT-cut 37 
LC-cut 37 
MT-cut 22 
NT-cut 22 

CT-cut 19 

FC-cut 37-8 

RT-cut 37 

X-cut family 9, 11-12, 22 
SC-cut 21, 37-8 

Y-cut 12-3, 18 
Crystal holders 80- I ,  85 
Crystal symmetries 4, 6, 197 

Cultured quartz 3, 5 
Cut-off frequency 48, 55,212 

Deformation 172 
Delay, group 141 
Density 3, 5 ,  7 
Dielectric constants 5-7, 195 
Diffraction, X-ray 64 
Digital TCXO 138 
Dipole moment 160-1 
Diode, varactor 138, 140 
Direct plating 84 
Dispersion relations 46-8, 211. 218 
Displacement 

CT-cut 19 

electric 23, 180 
particle 23, 190 

Double conversion systems 143 
Doubly rotated crystal cuts 21, 35 

Duplex resonator 14 
Dynamic frequency-temperature effect 21, 

DT-cut 19 

38 

Eigenvalue 24, 31, 169 
Eigenvector 169 
Elastic compliance 195, 202 
Elastic constants 5 ,  194 
Electric displacement 23, 180 
Electric field 23, 180 
Electric polarization 180 

per unit mass 183 
per unit volume 180 

Electric potential 23, 180 
Electric susceptibility 194-5 
Electrodes 

air-gap 78 
base-plated 78 

27, losses due to 32, 113 
mass loading 56, 81 
materials 79 

Electromechanical coupling factor 27, 36, 

Energy trapping 45, 55  
Equivalent circuit 

40 

crystal 30,91-3 
coupled resonators 152-4 
element values 30-2, 91-2 

Etching 77 
Evanescent waves 48, 212 
Evaporation, thin film electrodes 78-9 
Extensional mode resonators 9, 11 
Extensional (E) waves 46 

Face shear resonators 12, 19 
Face shear (FS) waves, 46, 21 1 

Field equations 23, 188, 192 
Figure of merit 96 
Filter types 143 
Filter design 

FC-cut 37-8 

image parameter method I 4 4  
synthesis by ‘exact’ methods 144 

Flexural mode resonators 14 
Flexural (F) waves 46,217 
Frequency 

anti-resonance 28, 92 

fractional frequency difference 29-30, 34 
parallel resonance 92 
series resonance 28, 92 
tolerances 83 

Frequency changes 
with drive level 119 

cut-off 48, 55,212 
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with stress 38-9, 119 
with temperature 9-11, 13, 18-9,21, 32, 

37,42, 114 
Frequency constant 11, 37 
Frequency stability 

in oscillators 13 1, 134-6 
long term 77, 117-8 
short term 118, 135-6 

Frequency-thickness constant 10, 13, 36, 

Fundamental mode 10 

Gauss’ theorem 168 
Goniometer, X-ray 66 
Group delay 141 
Group velocity 46 
Growth, cultured quartz 3 

40 

GT-cut I5 
original form 15 
miniature form 18 

Headers, crystal 81 
High-quartz 3 
Holders, crystal 107 

ceramic 80, 85 
glass 80, 85 
metal, cold weld 80, 85 
metal, solder seal 80, 85 
metal, resistance weld 80, 85 

Holder design 80 

Impedance 
crystal 93-4 
motional 96 
at resonance, anti-resonance 103 

Inductance, motional 30 
Inflection temperature 1 I5 
Intermediate band filters 144 
Intermodulation 119, 158 
Inversion temperature 3 
IT-cut 37 

Lapping 70 
abrasives 74 

Left quartz 4, 5 
LC-cut 37 
Load capacitor 93, 103 
Long term frequency stability 77, 117-8, 

Loopgain 127 
Loop phase 127 
Low-quartz 3 
Length extensional modes 11 

Mass loading 56, 81, 1 I8 
Material constants 5 ,  194 

135-6 

density 3, 5 ,  7 
dielectric constants 5-7, 195 
elastic constants 5-7, 194 

piezoelectric constants 5-7, 194 
temperature coefficients 6-8 
thermal expansion coefficients 6-7 

Matrix notation 202 
Maximum admittance, frequency of 101 
Maxwell stress tensor 184 
Melting point 3 
Microwave filters 143 
Miller indices 65 
Miller oscillator 130 
Mode coupling 9, 12, 14-5, 19, 51  
Modes of vibration 8 

U ,  b, c thickness 37 
extensional 9, I 1  
face shear 12, 19 
flexural 14 
fundamental 10 
length extensional 11 
overtone 9 
thickness extensional 9 
thickness shear 13, 19 

Monolithic filter 143, 151 
Motional parameters 

capacitance C,  30, 91, 110 
inductance L ,  30 
resistance R, 32, 113 

Mounting 79-81 
Mounting losses 1 I3 
MT-cut 22 

Narrowband filters 144 
Natural modes 92 
Natural quartz 3-5 
Network analyser 123 
Noise: cf. Frequency stability, short term 
Non-linear effects 119, 135, 158 
NT-cut 22 

Optical activity 4 
Optical processing 63 
Optical twinning 5 
Orientation 

ofbars  66-7 
of blanks 66-7 
of plates, specification of 35 

Oscillators 127 
Clapp 130 
Colpitts 130 
conditions for oscillation 127, 129 
feedback 127 
Miller 130 
oven controlled 139 
Pierce 130 
temperature compensated 137-8 
temperature controlled 139 
voltage controlled 

Parallel resonance 92 
Parametral plane 65 
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Phase characteristic, crystal resonator 99 
Phase noise: cf. Frequency stability, short 

term 
Phase offset method, measurement of 

motional parameters 122-3 
Phase zero measurement system 121 
Photolithographic techniques 18, 86, 87 
Piezoelectric constants 5-7, 194-5 
Piezoelectricity 

explanation of effect 160 
general theory 179 
linear theory 190 

Pinlap 72 
Pi-network 121-2 
Planetary lap 71 
Plateback 81 
Polarization 180 
Polishing 

mechanical 70, 74 
chemical 77 

Polylithic filter 143, 151 
Potential, electric 23, 180 
Pulling sensitivity 31. 92, 95 

Q factor 
crystal unit 32.91, 96, 112 
minimum requirement for narrowband 

and oscillator stability 134 

alpha 3-5 
beta 3, 5 
cultured 3, 5 
high 3 
left 4, 5 
low 3 
natural 3-5 
occurrence 3 
properties 3 

twinning 5 

filter 156 

Quartz 

right 4-5 

Radio communications 143 
Rational indices, law of 65 
Rayleigh surface wave 218 
Reflection, X-ray 64 
Resistance, motional 32, 113 
Resonance 

electrical 28, 101 
mechanical 9, 11, 13, 27,49 

Right quartz 4-5 
Rotated Y-cuts 18, 21, 39 
Rounding 69 
RT-cut 37 

Sawing 69 
SAW filters 143 

Sealing 85 
SC-cut 21, 37-8 

Second level of drive 119 
Seed crystal 3, 69 
Series resonance 28, 92 
Shunt capacitance 30, I IO 
Sign convention 5, 37 
Sleepy crystal 119 
Solubility, quartz 3 
Stability: cf. Frequency stability 
Standing waves 9 
Static capacitance 30, I I O  
Strain 

elastic 8-9, 173 
thermally induced 6, 33 

Strain tensor 
finite 173 
infinitesimal 23, 191 

Stress, elastic 176 
Stress tensor 178 
Substitution, measurement by 120 
Surface finish 70, 118-9 

effect on ageing 77 
effect on Q 32, 77, 113 

Symmetric modes 26 

Temperature coefficients 
material constants 6-7, 32 
frequency 9-11, 13, 18-9, 21, 32, 37, 42, 

114 
Temperature compensated oscillators 

Temperature controlled oscillators 139 
Temperature gradients 21 
Tensors 163 
Time constant 32, 112 
Thermal expansion 6-7, 32 
Thermally induced strain 6, 33 
Thickness extensional (TE) modes 9, 37 
Thickness extensional (TE) waves 46 
Thickness modes 9, 18-9, 23, 37, 210 
Thickness shear (TS) modes 12-3, 37 
Thickness shear (TS) waves 46, 217 
Thickness twist (TT) waves 46, 211 
Transformation of coordinates 162, 197 
Transition temperature 3 
Transmission measurements 120-1 
Trapped energy resonators 45, 55 
Tuning forks 14 
Turning points 115 
Turnover temperature 115 
Twinning 

137-8 

electrical 5 
optical 5 

Unwanted modes 
in crystals 59, 117 
in filters 157 

UV-ozone cleaning 78 

Vacuum deposition 78-9 
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Varactor diode 138, 140 
Vector voltmeter 121 
Velocity 

group 46 
particle 174 
phase 2 5 , 2 8 , 4 6  
wave 10,46 

Vibration, modes of 8 
Voltage controlled oscillator 140 

Wafer processing 69 
Waves 

evanescent 48, 212 
extensional (E) 46 
face shear (FS) 46, 21 1 
flexural (F) 46, 217 
longitudinal 9, 11, 25 
plane 23 
plate 45, 208 

shear 13, 25 
thickness extensional (TE) 46 
thickness shear (TS) 46, 217 
thickness twist (TT) 46, 21 1 
transverse 13, 25 

Wideband filters 144 

X-cut resonator family 9, 11-2, 22 
X-rays 

diffraction 64 
goniometer 66 
orientation 64 
reflection 64 
transfer jigs 69 

Y-cut 12-3 

Zero phase measurement method 121 
Zero phase pi-network 121-2 


