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miniature	16	MHz	quartz	crystal	enclosed	in	a	hermetically	sealed	HC-49/S	package,	used	as	the	resonator	in	a	crystal	oscillator.Component	typeElectromechanicalWorking	principlePiezoelectricity,	ResonanceInventorAlexander	M.	Nicholson,	Walter	Guyton	CadyFirst	produced1918Electronic	symbolA	crystal	oscillator	is	an	electronic	oscillator
circuit	that	uses	a	piezoelectric	crystal	as	a	frequency-selective	element.[1][2][3]	The	oscillator	frequency	is	often	used	to	keep	track	of	time,	as	in	quartz	wristwatches,	to	provide	a	stable	clock	signal	for	digital	integrated	circuits,	and	to	stabilize	frequencies	for	radio	transmitters	and	receivers.	The	most	common	type	of	piezoelectric	resonator	used	is
a	quartz	crystal,	so	oscillator	circuits	incorporating	them	became	known	as	crystal	oscillators.[1]	However,	other	piezoelectric	materials	including	polycrystalline	ceramics	are	used	in	similar	circuits.A	crystal	oscillator	relies	on	the	slight	change	in	shape	of	a	quartz	crystal	under	an	electric	field,	a	property	known	as	inverse	piezoelectricity.	A	voltage
applied	to	the	electrodes	on	the	crystal	causes	it	to	change	shape;	when	the	voltage	is	removed,	the	crystal	generates	a	small	voltage	as	it	elastically	returns	to	its	original	shape.	The	quartz	oscillates	at	a	stable	resonant	frequency	(relative	to	other	low-priced	oscillators)	with	frequency	accuracy	measured	in	parts	per	million	(ppm).	It	behaves	like	an
RLC	circuit,	but	with	a	much	higher	Q	factor	(lower	energy	loss	on	each	cycle	of	oscillation	and	higher	frequency	selectivity)	than	can	be	reliably	achieved	with	discrete	capacitors	(C)	and	inductors	(L),	which	suffer	from	parasitic	resistance	(R).	Once	a	quartz	crystal	is	adjusted	to	a	particular	frequency	(which	is	affected	by	the	mass	of	electrodes
attached	to	the	crystal,	the	orientation	of	the	crystal,	temperature	and	other	factors),	it	maintains	that	frequency	with	high	stability.[4]Quartz	crystals	are	manufactured	for	frequencies	from	a	few	tens	of	kilohertz	to	hundreds	of	megahertz.	As	of	2003,	around	two	billion	crystals	were	manufactured	annually.[5]	Most	are	used	for	consumer	devices
such	as	wristwatches,	clocks,	radios,	computers,	and	cellphones.	However,	in	applications	where	small	size	and	weight	is	needed	crystals	can	be	replaced	by	thin-film	bulk	acoustic	resonators,	specifically	if	ultra-high	frequency	(more	than	roughly	1.5GHz)	resonance	is	needed.	Quartz	crystals	are	also	found	inside	test	and	measurement	equipment,
such	as	counters,	signal	generators,	and	oscilloscopes.Quartz	crystal	resonator	(left)	and	quartz	crystal	oscillator	(right)A	crystal	oscillator	is	an	electric	oscillator	type	circuit	that	uses	a	piezoelectric	resonator,	a	crystal,	as	its	frequency-determining	element.	Crystal	is	the	common	term	used	in	electronics	for	the	frequency-determining	component,	a
wafer	of	quartz	crystal	or	ceramic	with	electrodes	connected	to	it.	A	more	accurate	term	for	"crystal"	is	piezoelectric	resonator.	Crystals	are	also	used	in	other	types	of	electronic	circuits,	such	as	crystal	filters.Piezoelectric	resonators	are	sold	as	separate	components	for	use	in	crystal	oscillator	circuits.	They	are	also	often	incorporated	in	a	single
package	with	the	crystal	oscillator	circuit.100	kHz	crystal	oscillators	at	the	US	National	Bureau	of	Standards	that	served	as	the	frequency	standard	for	the	United	States	in	1929Very	early	Bell	Labs	crystals	from	Vectron	International	CollectionPiezoelectricity	was	discovered	by	Jacques	and	Pierre	Curie	in	1880.	Paul	Langevin	first	investigated	quartz
resonators	for	use	in	sonar	during	World	War	I.	The	first	crystal-controlled	oscillator,	using	a	crystal	of	Rochelle	salt,	was	built	in	1917	and	patented[6]	in	1918	by	Alexander	M.	Nicholson	at	Bell	Telephone	Laboratories,	although	his	priority	was	disputed	by	Walter	Guyton	Cady.[7]	Cady	built	the	first	quartz	crystal	oscillator	in	1921.[8]Other	early
innovators	in	quartz	crystal	oscillators	include	G.	W.	Pierce	and	Louis	Essen.Quartz	crystal	oscillators	were	developed	for	high-stability	frequency	references	during	the	1920s	and	1930s.	Prior	to	crystals,	radio	stations	controlled	their	frequency	with	tuned	circuits,	which	could	easily	drift	off	frequency	by	34kHz.[9]	Since	broadcast	stations	were
assigned	frequencies	only	10kHz	(Americas)	or	9kHz	(elsewhere)	apart,	interference	between	adjacent	stations	due	to	frequency	drift	was	a	common	problem.[9]	In	1925,	Westinghouse	installed	a	crystal	oscillator	in	its	flagship	station	KDKA,[9]	and	by	1926,	quartz	crystals	were	used	to	control	the	frequency	of	many	broadcasting	stations	and	were
popular	with	amateur	radio	operators.[10]	In	1928,	Warren	Marrison	of	Bell	Laboratories	developed	the	first	quartz-crystal	clock.	With	accuracies	of	up	to	1	second	in	30	years	(30ms/y,	or	0.95ns/s),[8]	quartz	clocks	replaced	precision	pendulum	clocks	as	the	world's	most	accurate	timekeepers	until	atomic	clocks	were	developed	in	the	1950s.	Using
the	early	work	at	Bell	Laboratories,	American	Telephone	and	Telegraph	Company	(AT&T)	eventually	established	their	Frequency	Control	Products	division,	later	spun	off	and	known	today	as	Vectron	International.[11]A	number	of	firms	started	producing	quartz	crystals	for	electronic	use	during	this	time.	Using	what	are	now	considered	primitive
methods,	about	100,000	crystal	units	were	produced	in	the	United	States	during	1939.	Through	World	War	II	crystals	were	made	from	natural	quartz	crystal,	virtually	all	from	Brazil.	Shortages	of	crystals	during	the	war	caused	by	the	demand	for	accurate	frequency	control	of	military	and	naval	radios	and	radars	spurred	postwar	research	into
culturing	synthetic	quartz,	and	by	1950	a	hydrothermal	process	for	growing	quartz	crystals	on	a	commercial	scale	was	developed	at	Bell	Laboratories.	By	the	1970s	virtually	all	crystals	used	in	electronics	were	synthetic.In	1968,	Juergen	Staudte	invented	a	photolithographic	process	for	manufacturing	quartz	crystal	oscillators	while	working	at	North
American	Aviation	(now	Rockwell)	that	allowed	them	to	be	made	small	enough	for	portable	products	like	watches.[12]Although	crystal	oscillators	still	most	commonly	use	quartz	crystals,	devices	using	other	materials	are	becoming	more	common,	such	as	ceramic	resonators.Crystal	oscillation	modesA	crystal	is	a	solid	in	which	the	constituent	atoms,
molecules,	or	ions	are	packed	in	a	regularly	ordered,	repeating	pattern	extending	in	all	three	spatial	dimensions.Almost	any	object	made	of	an	elastic	material	could	be	used	like	a	crystal,	with	appropriate	transducers,	since	all	objects	have	natural	resonant	frequencies	of	vibration.	For	example,	steel	is	very	elastic	and	has	a	high	speed	of	sound.	It
was	often	used	in	mechanical	filters	before	quartz.	The	resonant	frequency	depends	on	size,	shape,	elasticity,	and	the	speed	of	sound	in	the	material.	High-frequency	crystals	are	typically	cut	in	the	shape	of	a	simple	rectangle	or	circular	disk.	Low-frequency	crystals,	such	as	those	used	in	digital	watches,	are	typically	cut	in	the	shape	of	a	tuning	fork.
For	applications	not	needing	very	precise	timing,	a	low-cost	ceramic	resonator	is	often	used	in	place	of	a	quartz	crystal.When	a	crystal	of	quartz	is	properly	cut	and	mounted,	it	can	be	made	to	distort	in	an	electric	field	by	applying	a	voltage	to	an	electrode	near	or	on	the	crystal.	This	property	is	known	as	inverse	piezoelectricity.	When	the	field	is
removed,	the	quartz	generates	an	electric	field	as	it	returns	to	its	previous	shape,	and	this	can	generate	a	voltage.	The	result	is	that	a	quartz	crystal	behaves	like	an	RLC	circuit,	composed	of	an	inductor,	capacitor	and	resistor,	with	a	precise	resonant	frequency.Quartz	has	the	further	advantage	that	its	elastic	constants	and	its	size	change	in	such	a
way	that	the	frequency	dependence	on	temperature	can	be	very	low.	The	specific	characteristics	depend	on	the	mode	of	vibration	and	the	angle	at	which	the	quartz	is	cut	(relative	to	its	crystallographic	axes).[13]	Therefore,	the	resonant	frequency	of	the	plate,	which	depends	on	its	size,	does	not	change	much.	This	means	that	a	quartz	clock,	filter	or
oscillator	remains	accurate.	For	critical	applications	the	quartz	oscillator	is	mounted	in	a	temperature-controlled	container,	called	a	crystal	oven,	and	can	also	be	mounted	on	shock	absorbers	to	prevent	perturbation	by	external	mechanical	vibrations.A	quartz	crystal	can	be	modeled	as	an	electrical	network	with	low-impedance	(series)	and	high-
impedance	(parallel)	resonance	points	spaced	closely	together.	Mathematically,	using	the	Laplace	transform,	the	impedance	of	this	network	can	be	written	as:Schematic	symbol	and	equivalent	circuit	for	a	quartz	crystal	in	an	oscillator	Z	(	s	)	=	(	1	s	C	1	+	s	L	1	+	R	1	)	(	1	s	C	0	)	,	{\displaystyle	Z(s)=\left({{\frac	{1}{s\cdot	C_{1}}}+s\cdot
L_{1}+R_{1}}\right)\left\|\left({\frac	{1}{s\cdot	C_{0}}}\right)\right.,}	or	Z	(	s	)	=	s	2	+	s	R	1	L	1	+	s	2	(	s	C	0	)	[	s	2	+	s	R	1	L	1	+	p	2	]	s	=	1	L	1	C	1	,	p	=	C	1	+	C	0	L	1	C	1	C	0	=	s	1	+	C	1	C	0	s	(	1	+	C	1	2	C	0	)	(	C	0	C	1	)	{\displaystyle	{\begin{aligned}Z(s)&={\frac	{s^{2}+s{\frac	{R_{1}}{L_{1}}}+{\omega	_{\mathrm	{s}	}}^{2}}{\left(s\cdot
C_{0}\right)\left[s^{2}+s{\frac	{R_{1}}{L_{1}}}+{\omega	_{\mathrm	{p}	}}^{2}\right]}}\\[2pt]\Rightarrow	\omega	_{\mathrm	{s}	}&={\frac	{1}{\sqrt	{L_{1}\cdot	C_{1}}}},\quad	\omega	_{\mathrm	{p}	}={\sqrt	{\frac	{C_{1}+C_{0}}{L_{1}\cdot	C_{1}\cdot	C_{0}}}}=\omega	_{\mathrm	{s}	}{\sqrt	{1+{\frac	{C_{1}}{C_{0}}}}}\approx
\omega	_{\mathrm	{s}	}\left(1+{\frac	{C_{1}}{2C_{0}}}\right)\quad	\left(C_{0}\gg	C_{1}\right)\end{aligned}}}	where	s	{\displaystyle	s}	is	the	complex	frequency	(	s	=	j	{\displaystyle	s=j\omega	}	),	s	{\displaystyle	\omega	_{\mathrm	{s}	}}	is	the	series	resonant	angular	frequency,	and	p	{\displaystyle	\omega	_{\mathrm	{p}	}}	is	the	parallel
resonant	angular	frequency.Adding	capacitance	across	a	crystal	causes	the	(parallel)	resonant	frequency	to	decrease.	Adding	inductance	across	a	crystal	causes	the	(parallel)	resonant	frequency	to	increase.	These	effects	can	be	used	to	adjust	the	frequency	at	which	a	crystal	oscillates.	Crystal	manufacturers	normally	cut	and	trim	their	crystals	to	have
a	specified	resonant	frequency	with	a	known	"load"	capacitance	added	to	the	crystal.	For	example,	a	crystal	intended	for	a	6pF	load	has	its	specified	parallel	resonant	frequency	when	a	6.0pF	capacitor	is	placed	across	it.	Without	the	load	capacitance,	the	resonant	frequency	is	higher.A	quartz	crystal	provides	both	series	and	parallel	resonance.	The
series	resonance	is	a	few	kilohertz	lower	than	the	parallel	one.	Crystals	below	30MHz	are	generally	operated	between	series	and	parallel	resonance,	which	means	that	the	crystal	appears	as	an	inductive	reactance	in	operation,	this	inductance	forming	a	parallel	resonant	circuit	with	externally	connected	parallel	capacitance.	Frequency	response	of	a
100kHz	crystal,	showing	series	and	parallel	resonanceAny	small	additional	capacitance	in	parallel	with	the	crystal	pulls	the	frequency	lower.	Moreover,	the	effective	inductive	reactance	of	the	crystal	can	be	reduced	by	adding	a	capacitor	in	series	with	the	crystal.	This	latter	technique	can	provide	a	useful	method	of	trimming	the	oscillatory	frequency
within	a	narrow	range;	in	this	case	inserting	a	capacitor	in	series	with	the	crystal	raises	the	frequency	of	oscillation.	For	a	crystal	to	operate	at	its	specified	frequency,	the	electronic	circuit	has	to	be	exactly	that	specified	by	the	crystal	manufacturer.	Note	that	these	points	imply	a	subtlety	concerning	crystal	oscillators	in	this	frequency	range:	the
crystal	does	not	usually	oscillate	at	precisely	either	of	its	resonant	frequencies.Crystals	above	30MHz	(up	to	>200MHz)	are	generally	operated	at	series	resonance	where	the	impedance	appears	at	its	minimum	and	equal	to	the	series	resistance.	For	these	crystals	the	series	resistance	is	specified	(	10	MHz)The	most	common	cut,	developed	in	1934.
The	plate	contains	the	crystal's	xaxis	and	is	inclined	by	3515	from	the	z(optical)	axis.	The	frequency-temperature	curve	is	a	sine-shaped	curve	with	inflection	point	at	around	25~35	C	.	Has	frequency	constant	1.661MHzmm.[52]	Most	(estimated	over	90%)	of	all	crystals	are	this	variant.[53]	Used	for	oscillators	operating	in	wider	temperature	range,	for
a	frequency	range	of	500kHz200MHz;	also	used	in	oven-controlled	oscillators.[54]	Sensitive	to	mechanical	stresses,	whether	caused	by	external	forces	or	by	temperature	gradients.	Thickness-shear	crystals	typically	operate	in	fundamental	mode	at	130MHz,	3rd	overtone	at	3090MHz,	and	5th	overtone	at	90150MHz;[55]	according	to	other	source	they
can	be	made	for	fundamental	mode	operation	up	to	300MHz,	though	that	mode	is	usually	used	only	to	100MHz[56]	and	according	to	yet	another	source	the	upper	limit	for	fundamental	frequency	of	the	ATcut	is	limited	to	40MHz	for	small	diameter	blanks.[52]	Can	be	manufactured	either	as	a	conventional	round	disk,	or	as	a	strip	resonator;	the	latter
allows	much	smaller	size.	The	thickness	of	the	quartz	blank	is	about	(1.661mm)/(frequency	in	MHz),	with	the	frequency	somewhat	shifted	by	further	processing.[57]	The	third	overtone	is	about	3times	the	fundamental	frequency;	the	overtones	are	higher	than	the	equivalent	multiple	of	the	fundamental	frequency	by	about	25kHz	per	overtone.	Crystals
designed	for	operating	in	overtone	modes	have	to	be	specially	processed	for	plane	parallelism	and	surface	finish	for	the	best	performance	at	a	given	overtone	frequency.[49]SC500kHz	200MHzthickness	shear3515,	2154A	special	cut	(Stress	Compensated)	developed	in	1974,	is	a	double-rotated	cut	(3515	and	2154)	for	oven-stabilized	oscillators	with
low	phase	noise	and	good	aging	characteristics.	Less	sensitive	to	mechanical	stresses.	Has	faster	warm-up	speed,	higher	Q,	better	close-in	phase	noise,	less	sensitivity	to	spatial	orientation	against	the	vector	of	gravity,	and	less	sensitivity	to	vibrations.[58]	Its	frequency	constant	is	1.797MHzmm.	Coupled	modes	are	worse	than	the	ATcut,	resistance
tends	to	be	higher;	much	more	care	is	required	to	convert	between	overtones.	Operates	at	the	same	frequencies	as	the	ATcut.	The	frequency-temperature	curve	is	a	third	order	downward	parabola	with	inflection	point	at	95C	and	much	lower	temperature	sensitivity	than	the	AT	cut.	Suitable	for	OCXOs	in	e.g.	space	and	GPS	systems.	Less	available
than	ATcut,	more	difficult	to	manufacture;	the	order-of-magnitude	improvement	of	parameters	is	traded	for	an	order	of	magnitude	tighter	crystal	orientation	tolerances.[59]	Aging	characteristics	are	2~3times	better	than	of	the	ATcuts.	Less	sensitive	to	drive	levels.	Far	fewer	activity	dips.	Less	sensitive	to	plate	geometry.	Requires	an	oven,	does	not
operate	well	at	ambient	temperatures	as	the	frequency	rapidly	falls	off	at	lower	temperatures.	Has	several	times	lower	motional	capacitance	than	the	corresponding	ATcut,	reducing	the	possibility	to	adjust	the	crystal	frequency	by	attached	capacitor;	this	restricts	usage	in	conventional	TCXO	and	VCXO	devices,	and	other	applications	where	the
frequency	of	the	crystal	has	to	be	adjustable.[60][58]	The	temperature	coefficients	for	the	fundamental	frequency	is	different	than	for	its	third	overtone;	when	the	crystal	is	driven	to	operate	on	both	frequencies	simultaneously,	the	resulting	beat	frequency	can	be	used	for	temperature	sensing	in	e.g.	microcomputer-compensated	crystal	oscillators.
Sensitive	to	electric	fields.	Sensitive	to	air	damping,	to	obtain	optimum	Q	it	has	to	be	packaged	in	vacuum.[45]	Temperature	coefficient	for	bmode	is	25	ppm/C	,	for	dual	mode	80	to	over	100	ppm/C	.[61]BT500kHz	200MHzthickness	shear	(bmode,	fast	quasi-shear)498,	0A	special	cut,	similar	to	ATcut,	except	the	plate	is	cut	at	49	from	the	zaxis.
Operates	in	thickness	shear	mode,	in	bmode	(fast	quasi-shear).	It	has	well	known	and	repeatable	characteristics.[62]	Has	frequency	constant	2.536	MHzmm.	Has	poorer	temperature	characteristics	than	the	ATcut.	Due	to	the	higher	frequency	constant,	can	be	used	for	crystals	with	higher	frequencies	than	the	ATcut,	up	to	over	50	MHz	.
[52]ITthickness	shearA	special	cut,	a	double-rotated	cut	with	improved	characteristics	for	oven-stabilized	oscillators.	Operates	in	thickness	shear	mode.	The	frequency-temperature	curve	is	a	third	order	downward	parabola	with	inflection	point	at	78	C	.	Rarely	used.	Has	similar	performance	and	properties	to	the	SCcut,	more	suitable	for	higher
temperatures.FCthickness	shearA	special	cut,	a	double-rotated	cut	with	improved	characteristics	for	oven-stabilized	oscillators.	Operates	in	thickness	shear	mode.	The	frequency-temperature	curve	is	a	third	order	downward	parabola	with	inflection	point	at	52	C	.	Rarely	used.	Employed	in	oven-controlled	oscillators;	the	oven	can	be	set	to	lower
temperature	than	for	the	AT	/	IT	/	SCcuts,	to	the	beginning	of	the	flat	part	of	the	temperature-frequency	curve	(which	is	also	broader	than	of	the	other	cuts);	when	the	ambient	temperature	reaches	this	region,	the	oven	switches	off	and	the	crystal	operates	at	the	ambient	temperature,	while	maintaining	reasonable	accuracy.	This	cut	therefore
combines	the	power	saving	feature	of	allowing	relatively	low	oven	temperature	with	reasonable	stability	at	higher	ambient	temperatures.[63]AKthickness	sheara	double	rotated	cut	with	better	temperature-frequency	characteristics	than	AT	and	BTcuts	and	with	higher	tolerance	to	crystallographic	orientation	than	the	AT,	BT,	and	SCcuts	(calculated	to
be	a	factor	50	against	a	standard	ATcut).	It	operates	in	thickness-shear	mode.[59]CT300	900kHzface	shear38,	0The	frequency-temperature	curve	is	a	downward	parabola.DT75	800kHzface	shear52,	0Similar	to	CTcut.	The	frequency-temperature	curve	is	a	downward	parabola.	The	temperature	coefficient	is	lower	than	the	CTcut;	where	the	frequency
range	permits,	DT	is	preferred	over	CT.[52]SLface-shear57,	0GT100kHz	3MHzwidth-extensional517Its	temperature	coefficient	between	25	...	+75C	is	near-zero,	due	to	cancelling	effect	between	two	modes.[52]E,	5X50	250kHzlongitudinalHas	reasonably	low	temperature	coefficient,	widely	used	for	low-frequency	crystal	filters.[52]MT40
200kHzlongitudinalET6630FT57NT8	130kHzlength-width	flexure	(bending)XY,	tuning	fork3	85kHzlength-width	flexureThe	dominant	low-frequency	crystal,	as	it	is	smaller	than	other	low-frequency	cuts,	less	expensive,	has	low	impedance	and	low	C0/	C1	ratio.	The	chief	application	is	the	32.768kHz	RTCcrystal.	Its	second	overtone	is	about	six	times	the
fundamental	frequency.[49]H8	130kHzlength-width	flexureUsed	extensively	for	wideband	filters.	The	temperature	coefficient	is	linear.J1	12kHzlength-thickness	flexureJ	cut	is	made	of	two	quartz	plates	bonded	together,	selected	to	produce	out	of	phase	motion	for	a	given	electrical	field.RTA	double	rotated	cut.SBTCA	double	rotated	cut.TSA	double
rotated	cut.X30A	double	rotated	cut.LCthickness	shear11.17	/	9.39A	double	rotated	cut	("linear	coefficient")	with	a	linear	temperature-frequency	response;	can	be	used	as	a	sensor	in	crystal	thermometers.[64]	Temperature	coefficient	is	35.4	ppm/C	.[61]AC31Temperature-sensitive,	can	be	used	as	a	sensor.	Single	mode	with	steep	frequency-
temperature	characteristics.[65]	Temperature	coefficient	is	20	ppm/C	.[61]BC60Temperature-sensitive.[65]NLSCTemperature-sensitive.[65]	Temperature	coefficient	is	about	14	ppm/C	.[61]YTemperature-sensitive,	can	be	used	as	a	sensor.	Single	mode	with	steep	frequency-temperature	characteristics.[65]	The	plane	of	the	plate	is	perpendicular	to	the
yaxis	of	the	crystal.[66]	Also	called	parallel	or	30-degree.	Temperature	coefficient	is	about	90	ppm/C	.[61]XUsed	in	one	of	the	first	crystal	oscillators	in	1921	by	W.G.	Cady,	and	as	a	50kHz	oscillator	in	the	first	crystal	clock	by	Horton	and	Marrison	in	1927.[67]	The	plane	of	the	plate	is	perpendicular	to	the	xaxis	of	the	crystal.	Also	called	perpendicular,
normal,	Curie,	zero-angle,	or	ultrasonic.[68]The	letter	T	in	the	cut	name	marks	a	temperature-compensated	cut	a	cut	oriented	in	a	way	that	the	temperature	coefficients	of	the	lattice	are	minimal;	the	FC	and	SCcuts	are	also	temperature-compensated.The	high	frequency	cuts	are	mounted	by	their	edges,	usually	on	springs;	the	stiffness	of	the	spring
has	to	be	optimal,	as	if	it	is	too	stiff,	mechanical	shocks	could	be	transferred	to	the	crystal	and	cause	it	to	break,	and	too	little	stiffness	may	allow	the	crystal	to	collide	with	the	inside	of	the	package	when	subjected	to	a	mechanical	shock,	and	break.	Strip	resonators,	usually	ATcuts,	are	smaller	and	therefore	less	sensitive	to	mechanical	shocks.	At	the
same	frequency	and	overtone,	the	strip	has	less	pullability,	higher	resistance,	and	higher	temperature	coefficient.[69]The	low	frequency	cuts	are	mounted	at	the	nodes	where	they	are	virtually	motionless;	thin	wires	are	attached	at	such	points	on	each	side	between	the	crystal	and	the	leads.	The	large	mass	of	the	crystal	suspended	on	the	thin	wires
makes	the	assembly	sensitive	to	mechanical	shocks	and	vibrations.[52]The	crystals	are	usually	mounted	in	hermetically	sealed	glass	or	metal	cases,	filled	with	a	dry	and	inert	atmosphere,	usually	vacuum,	nitrogen,	or	helium.	Plastic	housings	can	be	used	as	well,	but	those	are	not	hermetic	and	another	secondary	sealing	has	to	be	built	around	the
crystal.Several	resonator	configurations	are	possible,	in	addition	to	the	classical	way	of	directly	attaching	leads	to	the	crystal.	E.g.	the	BVA	resonator	(Botier	Vieillissement	Amlior,	Enclosure	with	Improved	Aging),[70][unreliable	source?]	developed	in	1976;	the	parts	that	influence	the	vibrations	are	machined	from	a	single	crystal	(which	reduces	the
mounting	stress),	and	the	electrodes	are	deposited	not	on	the	resonator	itself	but	on	the	inner	sides	of	two	condenser	discs	made	of	adjacent	slices	of	the	quartz	from	the	same	bar,	forming	a	three-layer	sandwich	with	no	stress	between	the	electrodes	and	the	vibrating	element.	The	gap	between	the	electrodes	and	the	resonator	act	as	two	small	series
capacitors,	making	the	crystal	less	sensitive	to	circuit	influences.[71][unreliable	source?]	The	architecture	eliminates	the	effects	of	the	surface	contacts	between	the	electrodes,	the	constraints	in	the	mounting	connections,	and	the	issues	related	to	ion	migration	from	the	electrodes	into	the	lattice	of	the	vibrating	element.[72]	The	resulting
configuration	is	rugged,	resistant	to	shock	and	vibration,	resistant	to	acceleration	and	ionizing	radiation,	and	has	improved	aging	characteristics.	ATcut	is	usually	used,	though	SCcut	variants	exist	as	well.	BVA	resonators	are	often	used	in	spacecraft	applications.[73]In	the	1930s	to	1950s,	it	was	fairly	common	for	people	to	adjust	the	frequency	of	the
crystals	by	manual	grinding.	The	crystals	were	ground	using	a	fine	abrasive	slurry,	or	even	a	toothpaste,	to	increase	their	frequency.	A	slight	decrease	by	12kHz	when	the	crystal	was	overground	was	possible	by	marking	the	crystal	face	with	a	pencil	lead,	at	the	cost	of	a	lowered	Q.[74]The	frequency	of	the	crystal	is	slightly	adjustable	("pullable")	by
modifying	the	attached	capacitances.	A	varactor,	a	diode	with	capacitance	depending	on	applied	voltage,	is	often	used	in	voltage-controlled	crystal	oscillators,	VCXO.	The	crystal	cuts	are	usually	AT	or	rarely	SC,	and	operate	in	fundamental	mode;	the	amount	of	available	frequency	deviation	is	inversely	proportional	to	the	square	of	the	overtone
number,	so	a	third	overtone	has	only	one-ninth	of	the	pullability	of	the	fundamental	mode.	SCcuts,	while	more	stable,	are	significantly	less	pullable.[75]On	electrical	schematic	diagrams,	crystals	are	designated	with	the	class	letter	Y	(Y1,	Y2,	etc.).	Oscillators,	whether	they	are	crystal	oscillators	or	others,	are	designated	with	the	class	letter	G	(G1,	G2,
etc.).[76][77]	Crystals	may	also	be	designated	on	a	schematic	with	X	or	XTAL	(a	phonetic	abbreviation,	comparable	to	using	Xmas	for	Christmas),	or	a	crystal	oscillator	with	XO.Crystal	oscillator	types	and	their	abbreviations:ATCXO	Analog	temperature	controlled	crystal	oscillatorCDXO	Calibrated	dual	crystal	oscillatorDTCXO	Digital	temperature
compensated	crystal	oscillatorEMXO	Evacuated	miniature	crystal	oscillatorGPSDO	Global	positioning	system	disciplined	oscillatorMCXO	Microcomputer-compensated	crystal	oscillatorOCVCXO	oven-controlled	voltage-controlled	crystal	oscillatorOCXO	Oven-controlled	crystal	oscillatorRbXO	Rubidium	crystal	oscillators	(RbXO),	a	crystal	oscillator	(can
be	an	MCXO)	synchronized	with	a	built-in	rubidium	standard	which	is	run	only	occasionally	to	save	powerTCVCXO	Temperature-compensated	voltage-controlled	crystal	oscillatorTCXO	Temperature-compensated	crystal	oscillatorTMXO	Tactical	miniature	crystal	oscillator[67]TSXO	Temperature-sensing	crystal	oscillator,	an	adaptation	of	the
TCXOVCTCXO	Voltage-controlled	temperature-compensated	crystal	oscillatorVCXO	Voltage-controlled	crystal	oscillatorClock	generatorClock	drift	Clock	drift	measurements	of	crystal	oscillators	can	be	used	to	build	random	number	generators.Crystal	filterErhard	Kietz,	who	worked	on	electronic	tuning	forks	and	with	quartz	crystals	for	precise	signal
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03-31.Distortions	in	Crystal	OscillatorsQuartz	crystal	resonators	and	oscillatorsMultipage	summary	of	quartz	crystals	&	their	oscillators,	filters,	etcRetrieved	from	"	Electronic	Component	Knowledge	From	the	ticking	of	your	wristwatch	to	the	heartbeat	of	complex	digital	systems,	the	quartz	crystal	oscillator	plays	an	indispensable	role.	This	seemingly
simple	component,	based	on	the	piezoelectric	effect,	provides	a	stable	and	accurate	frequency	reference	crucial	for	countless	applications.	This	article	delves	deep	into	the	principles,	working	mechanisms,	and	practical	uses	of	quartz	crystal	oscillators,	shedding	light	on	their	significance	in	modern	electronics	and	technology.Quartz	Crystal	Oscillator
ComponentQuartz	crystal	oscillators	are	fundamental	components	in	modern	electronics,	leveraging	the	unique	piezoelectric	properties	of	quartz	crystals	to	generate	highly	stable	and	precise	frequencies.	At	their	core,	these	devices	harness	the	ability	of	a	quartz	crystal	to	produce	an	electrical	charge	when	subjected	to	mechanical	stress,	and
conversely,	to	deform	when	an	electric	field	is	applied.	This	bidirectional	property	is	the	basis	of	the	oscillation	process.The	operation	of	a	quartz	crystal	oscillator	relies	on	the	precise	cut,	dimensions,	and	material	properties	of	the	crystal,	which	define	its	natural	resonant	frequency.	When	an	oscillating	electrical	signal	is	applied	to	a	properly
configured	crystal,	the	mechanical	vibrations	it	induces	are	highly	efficient,	with	low	energy	loss,	resulting	in	a	stable	and	predictable	frequency	output	crucial	for	numerous	applications.Internal	Structure	DiagramQuartz	crystal	oscillators	operate	based	on	the	piezoelectric	effect,	where	mechanical	stress	applied	to	a	quartz	crystal	generates	an
electrical	charge	and	vice	versa.	This	bidirectional	conversion	forms	the	basis	for	stable	frequency	generation.	When	an	alternating	voltage	is	applied	across	the	crystal,	it	undergoes	mechanical	deformation	at	a	specific	resonant	frequency,	leading	to	oscillation.The	process	can	be	described	as	a	series	of	steps:	First,	an	AC	voltage	is	applied	to	the
quartz	crystal,	which	is	typically	cut	in	a	specific	shape	and	orientation	to	have	a	well-defined	resonant	frequency.	This	applied	voltage	causes	the	crystal	to	mechanically	deform.	Second,	when	the	frequency	of	the	applied	AC	voltage	matches	the	crystal's	resonant	frequency,	the	crystal	vibrates	with	maximum	amplitude.	Finally,	the	mechanical
vibration	of	the	crystal	produces	an	electrical	signal	due	to	the	piezoelectric	effect,	creating	an	oscillating	signal	at	the	crystal's	resonant	frequency.	This	oscillation,	further	amplified	and	conditioned,	produces	a	stable	and	reliable	clock	signal.Key	to	the	stable	operation	of	a	quartz	crystal	oscillator	is	the	concept	of	resonance,	where	the	crystal
vibrates	with	maximum	amplitude	at	its	natural	frequency	and	maintains	oscillation	without	external	excitation.	The	resonant	frequency	is	primarily	determined	by	the	crystal's	physical	dimensions,	material	properties,	and	cut	orientation.	The	electrical	circuit	connected	to	the	crystal	is	designed	to	ensure	sustained	oscillation	by	providing	the
necessary	energy	to	overcome	losses	in	the	crystal	and	its	surrounding	circuit.StageDescriptionPhysical	PrincipleInitial	ExcitationAn	AC	voltage	is	applied	to	the	quartz	crystal.Voltage	applicationMechanical	VibrationThe	crystal	deforms	mechanically	due	to	the	applied	voltage.Piezoelectric	effectResonanceVibration	is	maximized	at	the	crystal's
resonant	frequency.Mechanical	resonanceElectrical	OutputCrystal	vibration	produces	an	oscillating	electrical	signal.Inverse	piezoelectric	effectSustained	OscillationThe	oscillating	signal	is	amplified	and	conditioned	for	stable	frequency	output.Feedback	and	amplificationVarious	Quartz	Oscillator	TypesQuartz	crystal	oscillators	are	not	monolithic
entities;	rather,	they	manifest	in	various	circuit	configurations,	each	tailored	for	specific	applications	and	performance	criteria.	These	configurations	primarily	differ	in	how	they	maintain	the	oscillation	using	the	crystal's	resonant	properties,	influencing	factors	such	as	frequency	stability,	power	consumption,	and	the	overall	circuit	complexity.	The
following	sections	detail	three	common	oscillator	types:	Pierce,	Colpitts,	and	Hartley,	emphasizing	their	unique	characteristics.Oscillator	TypeCircuit	CharacteristicsTypical	ApplicationsAdvantagesDisadvantagesPierce	OscillatorUtilizes	two	capacitors	in	series	with	the	crystal.	Simple	design	with	low	component	count,	often	seen	in	logic	circuits,	uses
CMOS	inverters.Microcontrollers,	real-time	clocks,	low-power	applications.Simple	design,	low	cost,	reliable	startup.Limited	frequency	range,	sensitive	to	load	capacitance.Colpitts	OscillatorEmploys	a	tapped	capacitor	network	for	feedback.	A	good	choice	when	a	variable	frequency	needs	to	be	generated,	uses	a	bipolar	junction	transistor	(BJT)	or
field-effect	transistor	(FET)	for	amplification.Radio	frequency	(RF)	circuits,	signal	generators,	frequency	synthesizers.Good	stability,	can	operate	at	higher	frequencies.Requires	more	components,	can	be	sensitive	to	component	variations.Hartley	OscillatorUses	a	tapped	inductor	for	feedback.	Suitable	for	generating	high	frequencies.	Uses	a	BJT	or
FET	for	amplification.Radio	transmitters,	RF	signal	generation,	LC	tank	based	applications.High	frequency	operation,	wide	frequency	range.Less	stable	than	Colpitts,	susceptible	to	noise	and	component	variations.The	performance	of	a	quartz	crystal	oscillator,	characterized	by	its	stability	and	accuracy,	is	significantly	influenced	by	various	internal
and	external	factors.	These	factors	primarily	include	temperature	variations,	load	capacitance,	drive	level,	and	aging.	Understanding	and	mitigating	these	influences	is	critical	for	designing	reliable	and	precise	timing	circuits.FactorDescriptionImpactMitigation	StrategiesTemperatureChanges	in	ambient	temperature	affect	the	crystal's	resonant
frequency	due	to	thermal	expansion	and	changes	in	material	properties.Frequency	drift,	reduced	stability,	potential	for	oscillation	failure	at	extreme	temperatures.Use	temperature-compensated	crystal	oscillators	(TCXOs),	implement	temperature	control	circuits,	utilize	crystal	with	low	temperature	coefficient.Load	CapacitanceThe	capacitance	seen
by	the	crystal	in	the	oscillator	circuit;	typically	influenced	by	external	capacitors	and	circuit	parasitics.Frequency	variation,	deviation	from	the	crystal's	specified	frequency.Choose	a	crystal	with	the	correct	load	capacitance,	ensure	accurate	and	stable	external	capacitors,	control	circuit	parasitics.Drive	LevelThe	amount	of	power	dissipated	within	the
crystal;	excessive	power	can	lead	to	crystal	damage	or	performance	degradation.Aging	acceleration,	frequency	shift,	increased	crystal	resistance,	potential	failure.Proper	circuit	design	to	limit	power	dissipation,	selection	of	crystal	suitable	for	application,	use	a	series	resistor	when	required.AgingThe	gradual	change	in	a	crystal's	resonant	frequency
over	time	due	to	changes	in	crystal	structure.Gradual	frequency	drift,	long-term	performance	degradation.Use	crystals	with	good	aging	characteristics,	ensure	stable	temperature	and	humidity	conditions	for	operation.Quartz	Crystal	ResonatorWhile	both	quartz	crystal	resonators	and	quartz	crystal	oscillators	leverage	the	piezoelectric	properties	of
quartz,	they	serve	different	functions	within	electronic	circuits.	A	quartz	crystal	resonator	is	a	passive	component,	requiring	external	circuitry	to	oscillate,	whereas	a	quartz	crystal	oscillator	is	an	active	circuit	incorporating	the	resonator	and	supporting	components	to	produce	a	stable	frequency	signal.FeatureQuartz	Crystal	ResonatorQuartz	Crystal
OscillatorFunctionPassive	component;	provides	resonant	frequencyActive	circuit;	generates	stable	frequency	signalComponentsQuartz	crystal	element	onlyQuartz	crystal,	amplifier,	feedback	network,	biasingOperationRequires	external	circuitry	to	oscillateSelf-oscillating;	outputs	a	signal	at	the	crystal's	resonant	frequencyPower	RequirementNo
power	requiredRequires	power	supply	to	operate	active	componentsOutputDoes	not	directly	output	a	signal;	part	of	resonant	circuitProduces	an	output	signal	at	the	crystal's	frequencyComplexitySimpler	componentMore	complex	circuitApplicationsFrequency	selection	in	oscillators,	filtersTiming	signals,	clocking	in	microprocessors,
communicationsIn	essence,	a	quartz	crystal	resonator	acts	as	a	highly	selective	filter,	allowing	a	specific	frequency	to	pass	through	or	resonate.	Conversely,	a	quartz	crystal	oscillator	is	a	complete	functional	circuit	capable	of	generating	a	stable	and	precise	frequency	signal	by	utilizing	the	resonator.	It	is	imperative	to	understand	these	distinctions
when	integrating	them	into	electronic	design.Device	CircuitryQuartz	crystal	oscillators	are	fundamental	components	in	a	vast	array	of	modern	technologies,	providing	the	precise	and	stable	timing	signals	necessary	for	digital	circuits	to	function	correctly.	Their	applications	span	from	the	core	of	computing	systems	to	sophisticated	communication
devices,	highlighting	their	critical	importance	in	contemporary	electronics.Microprocessors	and	MicrocontrollersIn	digital	logic,	they	are	used	to	generate	the	clock	signal	that	synchronizes	the	operations	of	a	microprocessor	or	microcontroller.	This	precise	timing	is	crucial	for	reliable	computation	and	data	processing,	with	stability	essential	to	avoid
errors	and	maintain	processing	speeds.Timing	CircuitsQuartz	oscillators	are	indispensable	in	real-time	clock	(RTC)	circuits,	maintaining	accurate	timekeeping	in	devices	ranging	from	watches	to	servers.	Their	temperature	stability	ensures	that	timing	remains	accurate	over	the	device's	operating	conditions,	unlike	other	time-keeping
methods.Communication	SystemsEssential	in	communication	technologies,	crystal	oscillators	are	used	in	modems,	cellular	networks,	and	radio	transmitters	and	receivers	for	frequency	control,	ensuring	that	signals	are	transmitted	and	received	at	the	precise	frequency	required,	minimizing	interference	and	signal	loss.Consumer	ElectronicsQuartz
crystal	oscillators	are	found	in	almost	every	device	we	use,	from	smartphones	and	laptops	to	digital	cameras	and	televisions.	They	manage	all	timing-related	operations	and	ensure	that	devices	work	smoothly	and	in-sync	with	their	components.Automotive	SystemsIn	vehicles,	crystal	oscillators	ensure	precise	timing	for	various	electronic	systems,
including	the	engine	control	unit	(ECU),	anti-lock	braking	system	(ABS),	and	infotainment	system,	which	all	rely	on	stable	clock	frequencies	to	perform	their	functions	efficiently	and	safely.Medical	EquipmentThey	are	used	in	a	multitude	of	medical	devices,	such	as	diagnostic	tools,	patient	monitoring	systems,	and	surgical	equipment	that	require
highly	precise	and	stable	frequency	signals	for	correct	functionality	and	accurate	measurements.Industrial	AutomationCrystal	oscillators	play	a	vital	role	in	industrial	control	systems,	where	timing	precision	is	critical	for	the	accurate	and	reliable	operation	of	machinery,	robots,	and	automated	processes.Selecting	the	optimal	quartz	crystal	oscillator
for	a	specific	application	demands	careful	consideration	of	various	factors,	including	frequency	requirements,	stability	needs,	cost	constraints,	and	design	parameters.	This	section	provides	practical	guidance	on	key	specifications	to	evaluate,	ensuring	the	chosen	oscillator	meets	the	performance	and	reliability	demands	of	your	project.When	selecting
a	quartz	crystal	oscillator,	several	key	parameters	should	be	considered	to	ensure	the	device	meets	the	requirements	of	the	application.	These	parameters	directly	impact	the	oscillator's	performance	and	suitability	for	specific	tasks.ParameterDescriptionImportanceFrequencyThe	nominal	oscillation	frequency	of	the	crystal,	measured	in	Hertz
(Hz).Critical	for	timing,	data	transmission,	and	signal	processing.	Must	match	the	system's	operational	requirements.Frequency	ToleranceThe	allowable	deviation	of	the	oscillation	frequency	from	the	nominal	value,	often	expressed	in	parts	per	million	(ppm).Impacts	the	accuracy	of	timing	operations.	Tighter	tolerance	is	needed	for	precision
applications.Frequency	StabilityHow	much	the	oscillation	frequency	changes	with	variations	in	temperature	and	voltage.	Also	measured	in	ppm.Crucial	for	maintaining	reliable	performance	in	varying	environmental	conditions.	High	stability	needed	for	time-critical	systems.Load	CapacitanceThe	external	capacitance	value	required	for	the	crystal	to
oscillate	at	its	specified	frequency.	Measured	in	picofarads	(pF).Essential	for	correct	operation	and	tuning	the	crystal.	Improper	load	capacitance	will	shift	the	oscillation	frequency.Operating	Temperature	RangeThe	temperature	range	over	which	the	crystal	is	specified	to	operate	within	its	performance	parameters.	Measured	in	Celsius	(C).Ensures
reliability	of	the	system	in	specific	operating	conditions.	Must	match	the	expected	environmental	range.AgingThe	rate	at	which	the	crystal	frequency	changes	over	time.Important	for	applications	that	require	long-term	stability	and	accuracy	such	as	calibration	standards.Package	TypeThe	physical	form	factor	of	the	crystal	oscillator	(e.g.,	surface
mount,	through-hole).Dictated	by	the	physical	design	requirements	of	the	PCB	and	the	available	assembly	equipment.Drive	LevelThe	power	level	at	which	the	crystal	is	excited.	Measured	in	microwatts	(W)Excessive	drive	can	cause	damage	or	reduce	the	lifespan.	Proper	drive	level	must	be	met	for	reliable	performance.CostThe	price	of	the	crystal,
which	can	vary	significantly	based	on	tolerance,	stability,	and	packaging.Must	fit	within	the	budgetary	constraints	of	a	project.	High	cost	does	not	always	equate	to	better	performance.	The	optimal	cost-to-performance	ratio	should	be	sought.Selecting	the	right	crystal	also	involves	understanding	the	trade-offs.	For	instance,	higher	stability	and	tighter
tolerance	typically	come	with	increased	cost.	Therefore,	it	is	essential	to	balance	performance	needs	with	budgetary	limitations.	Moreover,	consider	the	long-term	reliability	and	lifespan	of	the	chosen	crystal	to	avoid	costly	maintenance	or	replacement.	Always	consult	the	manufacturer's	datasheet	for	detailed	specifications	and	application
guidelines.Quartz	crystal	oscillators,	while	highly	reliable,	can	sometimes	exhibit	issues	such	as	unstable	oscillations,	frequency	drift,	or	startup	failures.	Effective	troubleshooting	requires	a	systematic	approach,	focusing	on	identifying	potential	causes	and	applying	appropriate	solutions.	Addressing	these	common	problems	ensures	the	oscillator
operates	within	its	specified	parameters,	maintaining	the	stability	and	accuracy	required	for	its	intended	application.Unstable	OscillationsUnstable	oscillations	manifest	as	erratic	frequency	fluctuations	or	intermittent	signal	loss.	This	issue	is	often	attributed	to	insufficient	gain	in	the	amplifier	stage	of	the	oscillator	circuit.	The	solution	involves
carefully	checking	component	values,	particularly	those	related	to	the	feedback	network,	and	ensuring	the	amplifier	is	operating	within	its	optimal	range.	A	common	cause	could	be	the	quality	of	the	crystal	which	could	be	a	non-genuine	item	and	may	need	to	be	replaced.	Another	common	cause	could	be	a	poorly	designed	circuit	or	a	physical	issue
like	a	dry	joint	or	track.Frequency	DriftFrequency	drift	refers	to	a	gradual	shift	in	the	oscillator's	output	frequency	over	time.	Temperature	variations	are	a	significant	contributor	to	this	issue.	To	mitigate	temperature	effects,	a	temperature-compensated	crystal	oscillator	(TCXO)	or	oven-controlled	crystal	oscillator	(OCXO)	can	be	used.	Another
solution	is	to	choose	higher	grade	parts,	which	will	drift	less	due	to	normal	environmental	changes.	Additionally,	ensure	the	load	capacitance	is	correct	and	within	the	crystal's	specified	parameters	to	achieve	its	correct	operating	frequency.	If	this	is	not	correct,	it	can	result	in	incorrect	operation	or	damage	to	components.Startup	IssuesStartup	issues
occur	when	the	oscillator	fails	to	initiate	oscillations	upon	power-up.	A	common	cause	is	inadequate	loop	gain.	To	rectify	startup	problems,	check	the	power	supply	voltage	and	current	levels,	as	well	as	the	bias	conditions	of	the	active	device.	Also	look	for	shorts	or	breaks	on	the	PCB	or	damaged	parts	that	may	cause	the	oscillator	to	fail	to	start
correctly.	In	some	cases	the	components	may	not	be	matched	to	the	oscillator	parameters	and	this	will	also	affect	operation.Crystal	DamagePhysical	damage	to	the	crystal,	or	using	a	crystal	outside	its	operating	temperature	range,	can	cause	issues	such	as	intermittent	operation,	frequency	drift	or	even	non-operation.	Check	if	the	crystal	has	been
mishandled	or	overheated	during	PCB	assembly.	Also	check	the	manufacturer	datasheet	for	operating	conditions	such	as	temperature,	pressure,	shock	etc,	and	make	sure	these	are	within	the	manufacturers	specifications.Improper	Circuit	DesignIncorrect	circuit	design	is	one	of	the	most	common	issues,	and	can	result	in	operation	outside	of	the
parameters	required	for	stable	operation.	Check	that	the	correct	design	has	been	used	for	your	application,	and	the	correct	parameters	are	being	used.	Improper	feedback	loops,	incorrect	component	choices,	poor	PCB	design	and	poor	power	supply	filtering,	are	all	common	causes	for	poor	operation,	unstable	operation	or	no	oscillation.	Check	the
circuit	and	design	again,	checking	every	detail.This	section	addresses	common	questions	about	quartz	crystal	oscillators,	providing	concise	answers	to	clarify	their	functionality,	characteristics,	and	applications.	Understanding	these	fundamentals	is	essential	for	anyone	working	with	or	utilizing	these	critical	components	in	electronic	circuits.How	does
a	quartz	crystal	oscillator	work?A	quartz	crystal	oscillator	leverages	the	piezoelectric	effect.	Applying	a	voltage	across	the	crystal	causes	it	to	deform	mechanically.	Conversely,	mechanical	deformation	generates	a	voltage.	When	this	crystal	is	placed	in	a	feedback	circuit,	the	mechanical	oscillations	are	converted	into	stable	electrical	oscillations	at	its
resonant	frequency,	which	is	highly	precise	due	to	the	material's	characteristics.What	frequency	does	a	quartz	crystal	vibrate	at?The	resonant	frequency	of	a	quartz	crystal	is	determined	by	its	physical	dimensions,	especially	its	thickness	and	cut.	Typical	frequencies	range	from	a	few	kilohertz	(kHz)	to	hundreds	of	megahertz	(MHz).	The	specific
frequency	is	carefully	engineered	during	the	crystal	manufacturing	process	to	meet	application	requirements.How	accurate	is	a	quartz	crystal	oscillator?Quartz	crystal	oscillators	are	known	for	their	high	accuracy	and	stability.	Typical	accuracies	can	range	from	parts	per	million	(ppm)	to	parts	per	billion	(ppb),	depending	on	the	quality	of	the	crystal,
circuit	design,	and	operating	environment.	Factors	like	temperature	changes	can	affect	the	accuracy	to	a	degree,	necessitating	careful	design	and	compensation	measures	for	ultra-precise	applications.What	is	a	quartz	crystal	resonator	used	for?A	quartz	crystal	resonator	is	a	passive	component	acting	as	a	high-Q	(high	quality	factor)	resonant	device
in	an	oscillator	circuit.	It	defines	the	oscillation	frequency	of	the	circuit.	Unlike	an	oscillator	which	provides	both	oscillation	and	frequency	output,	a	resonator	requires	an	external	circuit	to	generate	oscillations,	making	it	a	crucial	part	of	the	overall	functionality	of	timing	circuits,	frequency	generation,	and	control	systems.What	is	the	primary
difference	between	a	crystal	oscillator	and	a	crystal	resonator?A	crystal	resonator	is	a	passive	component,	essentially	a	crystal	with	electrodes,	requiring	external	circuitry	to	oscillate,	whereas	a	crystal	oscillator	is	a	complete	circuit	containing	the	resonator	plus	the	active	components	necessary	to	produce	an	oscillating	signal.	The	oscillator	delivers
a	ready-to-use	signal,	while	the	resonator	only	provides	the	frequency	determining	element	to	an	active	circuit.Can	temperature	affect	the	performance	of	a	crystal	oscillator?Yes,	temperature	can	significantly	affect	a	crystal	oscillator's	performance.	Changes	in	temperature	cause	the	crystal's	physical	dimensions	and	material	properties	to	change
slightly,	which	in	turn	alter	the	resonant	frequency.	This	is	why	temperature	compensation	circuits	are	often	used	in	high-precision	applications	to	mitigate	these	effects.What	are	some	common	problems	associated	with	quartz	crystal	oscillators?Common	issues	with	quartz	crystal	oscillators	include	frequency	drift	(caused	by	temperature	or	aging),
start-up	issues,	and	unstable	oscillations.	These	problems	often	stem	from	improper	circuit	design,	component	selection,	or	environmental	factors.	Careful	circuit	analysis,	proper	loading,	and	environmental	management	are	crucial	for	reliable	performance.Quartz	crystal	oscillators	are	at	the	heart	of	countless	electronic	devices,	providing	the	timing
stability	and	frequency	accuracy	that	is	essential	for	their	proper	functioning.	Understanding	their	working	principles	and	applications	allows	engineers	and	enthusiasts	to	design	and	use	these	components	effectively.	As	technology	continues	to	advance,	the	precision	and	reliability	offered	by	quartz	crystal	oscillators	will	remain	indispensable	in	the
quest	for	ever-more	accurate	and	stable	electronic	systems.	Their	simple	yet	powerful	design,	stemming	from	the	fascinating	piezoelectric	effect	in	quartz	crystals,	is	a	cornerstone	of	modern	technology.	AnyPCBA	Quartz	crystal	oscillators	are	essential	components	in	modern	electronics,	providing	precise	and	stable	frequencies	for	a	wide	range	of
applications,	including	clocks,	radios,	and	microprocessors.	But	how	do	these	devices	work?	Understanding	the	underlying	principles	of	quartz	crystal	oscillators	involves	exploring	their	physical	properties	and	the	electrical	circuits	in	which	they	operate.The	Basics	of	Quartz	CrystalsQuartz	is	a	piezoelectric	material,	meaning	it	can	convert
mechanical	stress	into	electrical	energy	and	vice	versa.	This	unique	property	is	at	the	heart	of	its	functionality	in	oscillators.	When	a	voltage	is	applied	across	a	quartz	crystal,	it	undergoes	mechanical	deformation,	storing	energy	in	the	process.	As	the	applied	voltage	alternates,	the	crystal	vibrates	at	a	specific	natural	frequency	determined	by	its
physical	dimensions	and	cut.The	Equivalent	Circuit	of	a	Quartz	CrystalTo	understand	how	a	quartz	crystal	behaves	in	an	oscillator	circuit,	it	is	helpful	to	consider	its	equivalent	electrical	circuit.	The	crystal	can	be	modeled	as	a	series	combination	of	an	inductor	(L),	a	capacitor	(C1),	and	a	resistor	(R),	representing	its	mechanical	properties.	This	series
circuit	is	then	in	parallel	with	a	second	capacitor	(C2),	representing	the	crystal's	shunt	capacitance.Inductor	(L):Represents	the	inertia	of	the	crystal's	mechanical	vibrations.Capacitor	(C1):Represents	the	compliance	of	the	crystal.Resistor	(R):Accounts	for	energy	losses	in	the	crystal.Capacitor	(C2):Represents	the	capacitance	due	to	the	crystal's
electrodes	and	surrounding	circuitry.The	combined	effect	of	these	components	determines	the	crystal's	resonant	frequency,	which	is	the	frequency	at	which	it	vibrates	most	efficiently.How	the	Oscillation	OccursIn	a	typical	oscillator	circuit,	the	quartz	crystal	is	connected	in	a	feedback	loop	with	an	amplifier.	The	circuit	operates	as	follows:Initial
Voltage	Application:When	a	voltage	is	applied	to	the	crystal,	current	begins	to	flow,	causing	the	crystal	to	deform	mechanically.Energy	Storage	and	Transfer:The	mechanical	deformation	stores	energy,	which	is	then	released	as	the	crystal	vibrates.	This	vibration	induces	an	alternating	current	in	the	circuit.Feedback	and	Amplification:The	amplifier
boosts	the	signal	and	feeds	it	back	to	the	crystal,	maintaining	continuous	oscillation.	The	circuit	ensures	that	the	crystal	operates	at	its	natural	resonant	frequency.This	process	results	in	a	stable	and	precise	output	frequency,	making	quartz	crystal	oscillators	ideal	for	timekeeping	and	signal	generation.The	Role	of	Load	CapacitanceOne	critical	factor
in	the	operation	of	quartz	crystal	oscillators	is	the	load	capacitance.	This	is	the	total	capacitance	seen	by	the	crystal,	including	the	capacitors	in	the	circuit	and	stray	capacitances.	The	load	capacitance	affects	the	oscillator's	frequency	and	must	be	carefully	matched	to	the	crystal's	specifications	to	ensure	accurate	operation.Applications	of	Quartz
Crystal	OscillatorsQuartz	crystal	oscillators	are	found	in	a	wide	range	of	applications,	each	benefiting	from	their	stability	and	precision:Timekeeping:Used	in	wristwatches,	wall	clocks,	and	timers,	where	accurate	time	measurement	is	crucial.Communication	Systems:Provide	stable	carrier	frequencies	for	radios,	televisions,	and	mobile
devices.Microprocessors	and	Computers:Serve	as	clock	sources	to	synchronize	operations	in	digital	circuits.Instrumentation:Used	in	oscilloscopes,	signal	generators,	and	other	measurement	tools.Advantages	of	Quartz	Crystal	OscillatorsQuartz	crystal	oscillators	offer	several	advantages	over	other	types	of	oscillators:High	Precision:Quartz	crystals
provide	highly	stable	frequencies	with	minimal	drift.Low	Power	Consumption:They	are	energy-efficient,	making	them	ideal	for	battery-operated	devices.Compact	Size:Modern	manufacturing	techniques	enable	the	production	of	small,	lightweight	crystals	suitable	for	portable	electronics.Wide	Frequency	Range:Quartz	oscillators	can	operate	across	a
broad	range	of	frequencies,	from	a	few	kilohertz	to	hundreds	of	megahertz.Challenges	and	LimitationsDespite	their	numerous	advantages,	quartz	crystal	oscillators	are	not	without	challenges.	Factors	such	as	temperature	sensitivity,	aging	effects,	and	susceptibility	to	mechanical	shock	can	impact	their	performance.	To	mitigate	these	issues,
designers	often	incorporate	temperature	compensation	and	shock-resistant	packaging.Future	Developments	in	Quartz	Oscillator	TechnologyAdvancements	in	materials	science	and	circuit	design	continue	to	enhance	the	performance	of	quartz	crystal	oscillators.	Emerging	technologies,	such	as	MEMS	(Micro-Electro-Mechanical	Systems)	oscillators,
are	challenging	traditional	quartz	oscillators	by	offering	similar	performance	with	additional	benefits,	such	as	greater	robustness	and	integration	capability.	Quartz	crystal	oscillators	are	a	cornerstone	of	modern	electronics,	providing	reliable	and	precise	frequency	generation	for	countless	applications.	By	leveraging	the	unique	properties	of	quartz
and	sophisticated	circuit	designs,	these	devices	continue	to	play	a	vital	role	in	advancing	technology.	Shenzhen	Jingguanghua	Electronics	Co.,	Ltd.	is	also	constantly	exploring	and	innovating	to	create	better	products.	You	can	tell	us	your	needs	at	ivy@jghcrystal.com,	and	we	will	provide	you	with	the	most	professional	and	high-quality	solutions.
Electronic	oscillator	circuit"Pull	capacitor"	redirects	here.	For	resistors,	see	Pull-up	resistor	and	Pull-down	resistor."Padding	capacitor"	redirects	here.	For	adjustable	capacitors,	see	Trimmer	capacitor.Crystal	resonatorA	miniature	16	MHz	quartz	crystal	enclosed	in	a	hermetically	sealed	HC-49/S	package,	used	as	the	resonator	in	a	crystal
oscillator.Component	typeElectromechanicalWorking	principlePiezoelectricity,	ResonanceInventorAlexander	M.	Nicholson,	Walter	Guyton	CadyFirst	produced1918Electronic	symbolA	crystal	oscillator	is	an	electronic	oscillator	circuit	that	uses	a	piezoelectric	crystal	as	a	frequency-selective	element.[1][2][3]	The	oscillator	frequency	is	often	used	to
keep	track	of	time,	as	in	quartz	wristwatches,	to	provide	a	stable	clock	signal	for	digital	integrated	circuits,	and	to	stabilize	frequencies	for	radio	transmitters	and	receivers.	The	most	common	type	of	piezoelectric	resonator	used	is	a	quartz	crystal,	so	oscillator	circuits	incorporating	them	became	known	as	crystal	oscillators.[1]	However,	other
piezoelectric	materials	including	polycrystalline	ceramics	are	used	in	similar	circuits.A	crystal	oscillator	relies	on	the	slight	change	in	shape	of	a	quartz	crystal	under	an	electric	field,	a	property	known	as	inverse	piezoelectricity.	A	voltage	applied	to	the	electrodes	on	the	crystal	causes	it	to	change	shape;	when	the	voltage	is	removed,	the	crystal
generates	a	small	voltage	as	it	elastically	returns	to	its	original	shape.	The	quartz	oscillates	at	a	stable	resonant	frequency	(relative	to	other	low-priced	oscillators)	with	frequency	accuracy	measured	in	parts	per	million	(ppm).	It	behaves	like	an	RLC	circuit,	but	with	a	much	higher	Q	factor	(lower	energy	loss	on	each	cycle	of	oscillation	and	higher
frequency	selectivity)	than	can	be	reliably	achieved	with	discrete	capacitors	(C)	and	inductors	(L),	which	suffer	from	parasitic	resistance	(R).	Once	a	quartz	crystal	is	adjusted	to	a	particular	frequency	(which	is	affected	by	the	mass	of	electrodes	attached	to	the	crystal,	the	orientation	of	the	crystal,	temperature	and	other	factors),	it	maintains	that
frequency	with	high	stability.[4]Quartz	crystals	are	manufactured	for	frequencies	from	a	few	tens	of	kilohertz	to	hundreds	of	megahertz.	As	of	2003,	around	two	billion	crystals	were	manufactured	annually.[5]	Most	are	used	for	consumer	devices	such	as	wristwatches,	clocks,	radios,	computers,	and	cellphones.	However,	in	applications	where	small
size	and	weight	is	needed	crystals	can	be	replaced	by	thin-film	bulk	acoustic	resonators,	specifically	if	ultra-high	frequency	(more	than	roughly	1.5GHz)	resonance	is	needed.	Quartz	crystals	are	also	found	inside	test	and	measurement	equipment,	such	as	counters,	signal	generators,	and	oscilloscopes.Quartz	crystal	resonator	(left)	and	quartz	crystal
oscillator	(right)A	crystal	oscillator	is	an	electric	oscillator	type	circuit	that	uses	a	piezoelectric	resonator,	a	crystal,	as	its	frequency-determining	element.	Crystal	is	the	common	term	used	in	electronics	for	the	frequency-determining	component,	a	wafer	of	quartz	crystal	or	ceramic	with	electrodes	connected	to	it.	A	more	accurate	term	for	"crystal"	is
piezoelectric	resonator.	Crystals	are	also	used	in	other	types	of	electronic	circuits,	such	as	crystal	filters.Piezoelectric	resonators	are	sold	as	separate	components	for	use	in	crystal	oscillator	circuits.	They	are	also	often	incorporated	in	a	single	package	with	the	crystal	oscillator	circuit.100	kHz	crystal	oscillators	at	the	US	National	Bureau	of	Standards
that	served	as	the	frequency	standard	for	the	United	States	in	1929Very	early	Bell	Labs	crystals	from	Vectron	International	CollectionPiezoelectricity	was	discovered	by	Jacques	and	Pierre	Curie	in	1880.	Paul	Langevin	first	investigated	quartz	resonators	for	use	in	sonar	during	World	War	I.	The	first	crystal-controlled	oscillator,	using	a	crystal	of
Rochelle	salt,	was	built	in	1917	and	patented[6]	in	1918	by	Alexander	M.	Nicholson	at	Bell	Telephone	Laboratories,	although	his	priority	was	disputed	by	Walter	Guyton	Cady.[7]	Cady	built	the	first	quartz	crystal	oscillator	in	1921.[8]Other	early	innovators	in	quartz	crystal	oscillators	include	G.	W.	Pierce	and	Louis	Essen.Quartz	crystal	oscillators	were
developed	for	high-stability	frequency	references	during	the	1920s	and	1930s.	Prior	to	crystals,	radio	stations	controlled	their	frequency	with	tuned	circuits,	which	could	easily	drift	off	frequency	by	34kHz.[9]	Since	broadcast	stations	were	assigned	frequencies	only	10kHz	(Americas)	or	9kHz	(elsewhere)	apart,	interference	between	adjacent	stations



due	to	frequency	drift	was	a	common	problem.[9]	In	1925,	Westinghouse	installed	a	crystal	oscillator	in	its	flagship	station	KDKA,[9]	and	by	1926,	quartz	crystals	were	used	to	control	the	frequency	of	many	broadcasting	stations	and	were	popular	with	amateur	radio	operators.[10]	In	1928,	Warren	Marrison	of	Bell	Laboratories	developed	the	first
quartz-crystal	clock.	With	accuracies	of	up	to	1	second	in	30	years	(30ms/y,	or	0.95ns/s),[8]	quartz	clocks	replaced	precision	pendulum	clocks	as	the	world's	most	accurate	timekeepers	until	atomic	clocks	were	developed	in	the	1950s.	Using	the	early	work	at	Bell	Laboratories,	American	Telephone	and	Telegraph	Company	(AT&T)	eventually
established	their	Frequency	Control	Products	division,	later	spun	off	and	known	today	as	Vectron	International.[11]A	number	of	firms	started	producing	quartz	crystals	for	electronic	use	during	this	time.	Using	what	are	now	considered	primitive	methods,	about	100,000	crystal	units	were	produced	in	the	United	States	during	1939.	Through	World
War	II	crystals	were	made	from	natural	quartz	crystal,	virtually	all	from	Brazil.	Shortages	of	crystals	during	the	war	caused	by	the	demand	for	accurate	frequency	control	of	military	and	naval	radios	and	radars	spurred	postwar	research	into	culturing	synthetic	quartz,	and	by	1950	a	hydrothermal	process	for	growing	quartz	crystals	on	a	commercial
scale	was	developed	at	Bell	Laboratories.	By	the	1970s	virtually	all	crystals	used	in	electronics	were	synthetic.In	1968,	Juergen	Staudte	invented	a	photolithographic	process	for	manufacturing	quartz	crystal	oscillators	while	working	at	North	American	Aviation	(now	Rockwell)	that	allowed	them	to	be	made	small	enough	for	portable	products	like
watches.[12]Although	crystal	oscillators	still	most	commonly	use	quartz	crystals,	devices	using	other	materials	are	becoming	more	common,	such	as	ceramic	resonators.Crystal	oscillation	modesA	crystal	is	a	solid	in	which	the	constituent	atoms,	molecules,	or	ions	are	packed	in	a	regularly	ordered,	repeating	pattern	extending	in	all	three	spatial
dimensions.Almost	any	object	made	of	an	elastic	material	could	be	used	like	a	crystal,	with	appropriate	transducers,	since	all	objects	have	natural	resonant	frequencies	of	vibration.	For	example,	steel	is	very	elastic	and	has	a	high	speed	of	sound.	It	was	often	used	in	mechanical	filters	before	quartz.	The	resonant	frequency	depends	on	size,	shape,
elasticity,	and	the	speed	of	sound	in	the	material.	High-frequency	crystals	are	typically	cut	in	the	shape	of	a	simple	rectangle	or	circular	disk.	Low-frequency	crystals,	such	as	those	used	in	digital	watches,	are	typically	cut	in	the	shape	of	a	tuning	fork.	For	applications	not	needing	very	precise	timing,	a	low-cost	ceramic	resonator	is	often	used	in	place
of	a	quartz	crystal.When	a	crystal	of	quartz	is	properly	cut	and	mounted,	it	can	be	made	to	distort	in	an	electric	field	by	applying	a	voltage	to	an	electrode	near	or	on	the	crystal.	This	property	is	known	as	inverse	piezoelectricity.	When	the	field	is	removed,	the	quartz	generates	an	electric	field	as	it	returns	to	its	previous	shape,	and	this	can	generate	a
voltage.	The	result	is	that	a	quartz	crystal	behaves	like	an	RLC	circuit,	composed	of	an	inductor,	capacitor	and	resistor,	with	a	precise	resonant	frequency.Quartz	has	the	further	advantage	that	its	elastic	constants	and	its	size	change	in	such	a	way	that	the	frequency	dependence	on	temperature	can	be	very	low.	The	specific	characteristics	depend	on
the	mode	of	vibration	and	the	angle	at	which	the	quartz	is	cut	(relative	to	its	crystallographic	axes).[13]	Therefore,	the	resonant	frequency	of	the	plate,	which	depends	on	its	size,	does	not	change	much.	This	means	that	a	quartz	clock,	filter	or	oscillator	remains	accurate.	For	critical	applications	the	quartz	oscillator	is	mounted	in	a	temperature-
controlled	container,	called	a	crystal	oven,	and	can	also	be	mounted	on	shock	absorbers	to	prevent	perturbation	by	external	mechanical	vibrations.A	quartz	crystal	can	be	modeled	as	an	electrical	network	with	low-impedance	(series)	and	high-impedance	(parallel)	resonance	points	spaced	closely	together.	Mathematically,	using	the	Laplace	transform,
the	impedance	of	this	network	can	be	written	as:Schematic	symbol	and	equivalent	circuit	for	a	quartz	crystal	in	an	oscillator	Z	(	s	)	=	(	1	s	C	1	+	s	L	1	+	R	1	)	(	1	s	C	0	)	,	{\displaystyle	Z(s)=\left({{\frac	{1}{s\cdot	C_{1}}}+s\cdot	L_{1}+R_{1}}\right)\left\|\left({\frac	{1}{s\cdot	C_{0}}}\right)\right.,}	or	Z	(	s	)	=	s	2	+	s	R	1	L	1	+	s	2	(	s	C	0	)	[	s	2	+
s	R	1	L	1	+	p	2	]	s	=	1	L	1	C	1	,	p	=	C	1	+	C	0	L	1	C	1	C	0	=	s	1	+	C	1	C	0	s	(	1	+	C	1	2	C	0	)	(	C	0	C	1	)	{\displaystyle	{\begin{aligned}Z(s)&={\frac	{s^{2}+s{\frac	{R_{1}}{L_{1}}}+{\omega	_{\mathrm	{s}	}}^{2}}{\left(s\cdot	C_{0}\right)\left[s^{2}+s{\frac	{R_{1}}{L_{1}}}+{\omega	_{\mathrm	{p}	}}^{2}\right]}}\\[2pt]\Rightarrow	\omega
_{\mathrm	{s}	}&={\frac	{1}{\sqrt	{L_{1}\cdot	C_{1}}}},\quad	\omega	_{\mathrm	{p}	}={\sqrt	{\frac	{C_{1}+C_{0}}{L_{1}\cdot	C_{1}\cdot	C_{0}}}}=\omega	_{\mathrm	{s}	}{\sqrt	{1+{\frac	{C_{1}}{C_{0}}}}}\approx	\omega	_{\mathrm	{s}	}\left(1+{\frac	{C_{1}}{2C_{0}}}\right)\quad	\left(C_{0}\gg	C_{1}\right)\end{aligned}}}	where
s	{\displaystyle	s}	is	the	complex	frequency	(	s	=	j	{\displaystyle	s=j\omega	}	),	s	{\displaystyle	\omega	_{\mathrm	{s}	}}	is	the	series	resonant	angular	frequency,	and	p	{\displaystyle	\omega	_{\mathrm	{p}	}}	is	the	parallel	resonant	angular	frequency.Adding	capacitance	across	a	crystal	causes	the	(parallel)	resonant	frequency	to	decrease.	Adding
inductance	across	a	crystal	causes	the	(parallel)	resonant	frequency	to	increase.	These	effects	can	be	used	to	adjust	the	frequency	at	which	a	crystal	oscillates.	Crystal	manufacturers	normally	cut	and	trim	their	crystals	to	have	a	specified	resonant	frequency	with	a	known	"load"	capacitance	added	to	the	crystal.	For	example,	a	crystal	intended	for	a
6pF	load	has	its	specified	parallel	resonant	frequency	when	a	6.0pF	capacitor	is	placed	across	it.	Without	the	load	capacitance,	the	resonant	frequency	is	higher.A	quartz	crystal	provides	both	series	and	parallel	resonance.	The	series	resonance	is	a	few	kilohertz	lower	than	the	parallel	one.	Crystals	below	30MHz	are	generally	operated	between	series
and	parallel	resonance,	which	means	that	the	crystal	appears	as	an	inductive	reactance	in	operation,	this	inductance	forming	a	parallel	resonant	circuit	with	externally	connected	parallel	capacitance.	Frequency	response	of	a	100kHz	crystal,	showing	series	and	parallel	resonanceAny	small	additional	capacitance	in	parallel	with	the	crystal	pulls	the
frequency	lower.	Moreover,	the	effective	inductive	reactance	of	the	crystal	can	be	reduced	by	adding	a	capacitor	in	series	with	the	crystal.	This	latter	technique	can	provide	a	useful	method	of	trimming	the	oscillatory	frequency	within	a	narrow	range;	in	this	case	inserting	a	capacitor	in	series	with	the	crystal	raises	the	frequency	of	oscillation.	For	a
crystal	to	operate	at	its	specified	frequency,	the	electronic	circuit	has	to	be	exactly	that	specified	by	the	crystal	manufacturer.	Note	that	these	points	imply	a	subtlety	concerning	crystal	oscillators	in	this	frequency	range:	the	crystal	does	not	usually	oscillate	at	precisely	either	of	its	resonant	frequencies.Crystals	above	30MHz	(up	to	>200MHz)	are
generally	operated	at	series	resonance	where	the	impedance	appears	at	its	minimum	and	equal	to	the	series	resistance.	For	these	crystals	the	series	resistance	is	specified	(	10	MHz)The	most	common	cut,	developed	in	1934.	The	plate	contains	the	crystal's	xaxis	and	is	inclined	by	3515	from	the	z(optical)	axis.	The	frequency-temperature	curve	is	a
sine-shaped	curve	with	inflection	point	at	around	25~35	C	.	Has	frequency	constant	1.661MHzmm.[52]	Most	(estimated	over	90%)	of	all	crystals	are	this	variant.[53]	Used	for	oscillators	operating	in	wider	temperature	range,	for	a	frequency	range	of	500kHz200MHz;	also	used	in	oven-controlled	oscillators.[54]	Sensitive	to	mechanical	stresses,
whether	caused	by	external	forces	or	by	temperature	gradients.	Thickness-shear	crystals	typically	operate	in	fundamental	mode	at	130MHz,	3rd	overtone	at	3090MHz,	and	5th	overtone	at	90150MHz;[55]	according	to	other	source	they	can	be	made	for	fundamental	mode	operation	up	to	300MHz,	though	that	mode	is	usually	used	only	to	100MHz[56]
and	according	to	yet	another	source	the	upper	limit	for	fundamental	frequency	of	the	ATcut	is	limited	to	40MHz	for	small	diameter	blanks.[52]	Can	be	manufactured	either	as	a	conventional	round	disk,	or	as	a	strip	resonator;	the	latter	allows	much	smaller	size.	The	thickness	of	the	quartz	blank	is	about	(1.661mm)/(frequency	in	MHz),	with	the
frequency	somewhat	shifted	by	further	processing.[57]	The	third	overtone	is	about	3times	the	fundamental	frequency;	the	overtones	are	higher	than	the	equivalent	multiple	of	the	fundamental	frequency	by	about	25kHz	per	overtone.	Crystals	designed	for	operating	in	overtone	modes	have	to	be	specially	processed	for	plane	parallelism	and	surface
finish	for	the	best	performance	at	a	given	overtone	frequency.[49]SC500kHz	200MHzthickness	shear3515,	2154A	special	cut	(Stress	Compensated)	developed	in	1974,	is	a	double-rotated	cut	(3515	and	2154)	for	oven-stabilized	oscillators	with	low	phase	noise	and	good	aging	characteristics.	Less	sensitive	to	mechanical	stresses.	Has	faster	warm-up
speed,	higher	Q,	better	close-in	phase	noise,	less	sensitivity	to	spatial	orientation	against	the	vector	of	gravity,	and	less	sensitivity	to	vibrations.[58]	Its	frequency	constant	is	1.797MHzmm.	Coupled	modes	are	worse	than	the	ATcut,	resistance	tends	to	be	higher;	much	more	care	is	required	to	convert	between	overtones.	Operates	at	the	same
frequencies	as	the	ATcut.	The	frequency-temperature	curve	is	a	third	order	downward	parabola	with	inflection	point	at	95C	and	much	lower	temperature	sensitivity	than	the	AT	cut.	Suitable	for	OCXOs	in	e.g.	space	and	GPS	systems.	Less	available	than	ATcut,	more	difficult	to	manufacture;	the	order-of-magnitude	improvement	of	parameters	is	traded
for	an	order	of	magnitude	tighter	crystal	orientation	tolerances.[59]	Aging	characteristics	are	2~3times	better	than	of	the	ATcuts.	Less	sensitive	to	drive	levels.	Far	fewer	activity	dips.	Less	sensitive	to	plate	geometry.	Requires	an	oven,	does	not	operate	well	at	ambient	temperatures	as	the	frequency	rapidly	falls	off	at	lower	temperatures.	Has	several
times	lower	motional	capacitance	than	the	corresponding	ATcut,	reducing	the	possibility	to	adjust	the	crystal	frequency	by	attached	capacitor;	this	restricts	usage	in	conventional	TCXO	and	VCXO	devices,	and	other	applications	where	the	frequency	of	the	crystal	has	to	be	adjustable.[60][58]	The	temperature	coefficients	for	the	fundamental	frequency
is	different	than	for	its	third	overtone;	when	the	crystal	is	driven	to	operate	on	both	frequencies	simultaneously,	the	resulting	beat	frequency	can	be	used	for	temperature	sensing	in	e.g.	microcomputer-compensated	crystal	oscillators.	Sensitive	to	electric	fields.	Sensitive	to	air	damping,	to	obtain	optimum	Q	it	has	to	be	packaged	in	vacuum.[45]
Temperature	coefficient	for	bmode	is	25	ppm/C	,	for	dual	mode	80	to	over	100	ppm/C	.[61]BT500kHz	200MHzthickness	shear	(bmode,	fast	quasi-shear)498,	0A	special	cut,	similar	to	ATcut,	except	the	plate	is	cut	at	49	from	the	zaxis.	Operates	in	thickness	shear	mode,	in	bmode	(fast	quasi-shear).	It	has	well	known	and	repeatable	characteristics.[62]
Has	frequency	constant	2.536	MHzmm.	Has	poorer	temperature	characteristics	than	the	ATcut.	Due	to	the	higher	frequency	constant,	can	be	used	for	crystals	with	higher	frequencies	than	the	ATcut,	up	to	over	50	MHz	.[52]ITthickness	shearA	special	cut,	a	double-rotated	cut	with	improved	characteristics	for	oven-stabilized	oscillators.	Operates	in
thickness	shear	mode.	The	frequency-temperature	curve	is	a	third	order	downward	parabola	with	inflection	point	at	78	C	.	Rarely	used.	Has	similar	performance	and	properties	to	the	SCcut,	more	suitable	for	higher	temperatures.FCthickness	shearA	special	cut,	a	double-rotated	cut	with	improved	characteristics	for	oven-stabilized	oscillators.
Operates	in	thickness	shear	mode.	The	frequency-temperature	curve	is	a	third	order	downward	parabola	with	inflection	point	at	52	C	.	Rarely	used.	Employed	in	oven-controlled	oscillators;	the	oven	can	be	set	to	lower	temperature	than	for	the	AT	/	IT	/	SCcuts,	to	the	beginning	of	the	flat	part	of	the	temperature-frequency	curve	(which	is	also	broader
than	of	the	other	cuts);	when	the	ambient	temperature	reaches	this	region,	the	oven	switches	off	and	the	crystal	operates	at	the	ambient	temperature,	while	maintaining	reasonable	accuracy.	This	cut	therefore	combines	the	power	saving	feature	of	allowing	relatively	low	oven	temperature	with	reasonable	stability	at	higher	ambient	temperatures.
[63]AKthickness	sheara	double	rotated	cut	with	better	temperature-frequency	characteristics	than	AT	and	BTcuts	and	with	higher	tolerance	to	crystallographic	orientation	than	the	AT,	BT,	and	SCcuts	(calculated	to	be	a	factor	50	against	a	standard	ATcut).	It	operates	in	thickness-shear	mode.[59]CT300	900kHzface	shear38,	0The	frequency-
temperature	curve	is	a	downward	parabola.DT75	800kHzface	shear52,	0Similar	to	CTcut.	The	frequency-temperature	curve	is	a	downward	parabola.	The	temperature	coefficient	is	lower	than	the	CTcut;	where	the	frequency	range	permits,	DT	is	preferred	over	CT.[52]SLface-shear57,	0GT100kHz	3MHzwidth-extensional517Its	temperature	coefficient
between	25	...	+75C	is	near-zero,	due	to	cancelling	effect	between	two	modes.[52]E,	5X50	250kHzlongitudinalHas	reasonably	low	temperature	coefficient,	widely	used	for	low-frequency	crystal	filters.[52]MT40	200kHzlongitudinalET6630FT57NT8	130kHzlength-width	flexure	(bending)XY,	tuning	fork3	85kHzlength-width	flexureThe	dominant	low-
frequency	crystal,	as	it	is	smaller	than	other	low-frequency	cuts,	less	expensive,	has	low	impedance	and	low	C0/	C1	ratio.	The	chief	application	is	the	32.768kHz	RTCcrystal.	Its	second	overtone	is	about	six	times	the	fundamental	frequency.[49]H8	130kHzlength-width	flexureUsed	extensively	for	wideband	filters.	The	temperature	coefficient	is	linear.J1
12kHzlength-thickness	flexureJ	cut	is	made	of	two	quartz	plates	bonded	together,	selected	to	produce	out	of	phase	motion	for	a	given	electrical	field.RTA	double	rotated	cut.SBTCA	double	rotated	cut.TSA	double	rotated	cut.X30A	double	rotated	cut.LCthickness	shear11.17	/	9.39A	double	rotated	cut	("linear	coefficient")	with	a	linear	temperature-
frequency	response;	can	be	used	as	a	sensor	in	crystal	thermometers.[64]	Temperature	coefficient	is	35.4	ppm/C	.[61]AC31Temperature-sensitive,	can	be	used	as	a	sensor.	Single	mode	with	steep	frequency-temperature	characteristics.[65]	Temperature	coefficient	is	20	ppm/C	.[61]BC60Temperature-sensitive.[65]NLSCTemperature-sensitive.[65]
Temperature	coefficient	is	about	14	ppm/C	.[61]YTemperature-sensitive,	can	be	used	as	a	sensor.	Single	mode	with	steep	frequency-temperature	characteristics.[65]	The	plane	of	the	plate	is	perpendicular	to	the	yaxis	of	the	crystal.[66]	Also	called	parallel	or	30-degree.	Temperature	coefficient	is	about	90	ppm/C	.[61]XUsed	in	one	of	the	first	crystal
oscillators	in	1921	by	W.G.	Cady,	and	as	a	50kHz	oscillator	in	the	first	crystal	clock	by	Horton	and	Marrison	in	1927.[67]	The	plane	of	the	plate	is	perpendicular	to	the	xaxis	of	the	crystal.	Also	called	perpendicular,	normal,	Curie,	zero-angle,	or	ultrasonic.[68]The	letter	T	in	the	cut	name	marks	a	temperature-compensated	cut	a	cut	oriented	in	a	way
that	the	temperature	coefficients	of	the	lattice	are	minimal;	the	FC	and	SCcuts	are	also	temperature-compensated.The	high	frequency	cuts	are	mounted	by	their	edges,	usually	on	springs;	the	stiffness	of	the	spring	has	to	be	optimal,	as	if	it	is	too	stiff,	mechanical	shocks	could	be	transferred	to	the	crystal	and	cause	it	to	break,	and	too	little	stiffness
may	allow	the	crystal	to	collide	with	the	inside	of	the	package	when	subjected	to	a	mechanical	shock,	and	break.	Strip	resonators,	usually	ATcuts,	are	smaller	and	therefore	less	sensitive	to	mechanical	shocks.	At	the	same	frequency	and	overtone,	the	strip	has	less	pullability,	higher	resistance,	and	higher	temperature	coefficient.[69]The	low	frequency
cuts	are	mounted	at	the	nodes	where	they	are	virtually	motionless;	thin	wires	are	attached	at	such	points	on	each	side	between	the	crystal	and	the	leads.	The	large	mass	of	the	crystal	suspended	on	the	thin	wires	makes	the	assembly	sensitive	to	mechanical	shocks	and	vibrations.[52]The	crystals	are	usually	mounted	in	hermetically	sealed	glass	or
metal	cases,	filled	with	a	dry	and	inert	atmosphere,	usually	vacuum,	nitrogen,	or	helium.	Plastic	housings	can	be	used	as	well,	but	those	are	not	hermetic	and	another	secondary	sealing	has	to	be	built	around	the	crystal.Several	resonator	configurations	are	possible,	in	addition	to	the	classical	way	of	directly	attaching	leads	to	the	crystal.	E.g.	the	BVA
resonator	(Botier	Vieillissement	Amlior,	Enclosure	with	Improved	Aging),[70][unreliable	source?]	developed	in	1976;	the	parts	that	influence	the	vibrations	are	machined	from	a	single	crystal	(which	reduces	the	mounting	stress),	and	the	electrodes	are	deposited	not	on	the	resonator	itself	but	on	the	inner	sides	of	two	condenser	discs	made	of	adjacent
slices	of	the	quartz	from	the	same	bar,	forming	a	three-layer	sandwich	with	no	stress	between	the	electrodes	and	the	vibrating	element.	The	gap	between	the	electrodes	and	the	resonator	act	as	two	small	series	capacitors,	making	the	crystal	less	sensitive	to	circuit	influences.[71][unreliable	source?]	The	architecture	eliminates	the	effects	of	the
surface	contacts	between	the	electrodes,	the	constraints	in	the	mounting	connections,	and	the	issues	related	to	ion	migration	from	the	electrodes	into	the	lattice	of	the	vibrating	element.[72]	The	resulting	configuration	is	rugged,	resistant	to	shock	and	vibration,	resistant	to	acceleration	and	ionizing	radiation,	and	has	improved	aging	characteristics.
ATcut	is	usually	used,	though	SCcut	variants	exist	as	well.	BVA	resonators	are	often	used	in	spacecraft	applications.[73]In	the	1930s	to	1950s,	it	was	fairly	common	for	people	to	adjust	the	frequency	of	the	crystals	by	manual	grinding.	The	crystals	were	ground	using	a	fine	abrasive	slurry,	or	even	a	toothpaste,	to	increase	their	frequency.	A	slight
decrease	by	12kHz	when	the	crystal	was	overground	was	possible	by	marking	the	crystal	face	with	a	pencil	lead,	at	the	cost	of	a	lowered	Q.[74]The	frequency	of	the	crystal	is	slightly	adjustable	("pullable")	by	modifying	the	attached	capacitances.	A	varactor,	a	diode	with	capacitance	depending	on	applied	voltage,	is	often	used	in	voltage-controlled
crystal	oscillators,	VCXO.	The	crystal	cuts	are	usually	AT	or	rarely	SC,	and	operate	in	fundamental	mode;	the	amount	of	available	frequency	deviation	is	inversely	proportional	to	the	square	of	the	overtone	number,	so	a	third	overtone	has	only	one-ninth	of	the	pullability	of	the	fundamental	mode.	SCcuts,	while	more	stable,	are	significantly	less
pullable.[75]On	electrical	schematic	diagrams,	crystals	are	designated	with	the	class	letter	Y	(Y1,	Y2,	etc.).	Oscillators,	whether	they	are	crystal	oscillators	or	others,	are	designated	with	the	class	letter	G	(G1,	G2,	etc.).[76][77]	Crystals	may	also	be	designated	on	a	schematic	with	X	or	XTAL	(a	phonetic	abbreviation,	comparable	to	using	Xmas	for
Christmas),	or	a	crystal	oscillator	with	XO.Crystal	oscillator	types	and	their	abbreviations:ATCXO	Analog	temperature	controlled	crystal	oscillatorCDXO	Calibrated	dual	crystal	oscillatorDTCXO	Digital	temperature	compensated	crystal	oscillatorEMXO	Evacuated	miniature	crystal	oscillatorGPSDO	Global	positioning	system	disciplined	oscillatorMCXO
Microcomputer-compensated	crystal	oscillatorOCVCXO	oven-controlled	voltage-controlled	crystal	oscillatorOCXO	Oven-controlled	crystal	oscillatorRbXO	Rubidium	crystal	oscillators	(RbXO),	a	crystal	oscillator	(can	be	an	MCXO)	synchronized	with	a	built-in	rubidium	standard	which	is	run	only	occasionally	to	save	powerTCVCXO	Temperature-
compensated	voltage-controlled	crystal	oscillatorTCXO	Temperature-compensated	crystal	oscillatorTMXO	Tactical	miniature	crystal	oscillator[67]TSXO	Temperature-sensing	crystal	oscillator,	an	adaptation	of	the	TCXOVCTCXO	Voltage-controlled	temperature-compensated	crystal	oscillatorVCXO	Voltage-controlled	crystal	oscillatorClock
generatorClock	drift	Clock	drift	measurements	of	crystal	oscillators	can	be	used	to	build	random	number	generators.Crystal	filterErhard	Kietz,	who	worked	on	electronic	tuning	forks	and	with	quartz	crystals	for	precise	signal	frequenciesIssac	Koga	inventor	of	the	temperature-stable	R1	Koga	cutPierce	oscillatorThin-film	thickness	monitorVariable-
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