Learn the fundamentals of crystal resonators
—how and why they work In oscHIators

and frequency standards.

DAN BECKER

CRYSTAL RESONATORS ARE STILL
the most widely used compo-
nents for converting electrical
energy into precise frequencies
for communications and tim-
ing. Among the many instru-
ments, products, and systems
that depend on crystals to pro-
duce their precise, stable fre-
quencies are frequency coun-
ters, radio transmitters, elec-
tronic navigation systems
(transmittersandreceivers), TV
sets, andVCR's.

This article reviews the fun-
damental s of crystal resonators.
Because of their utility and low
cost, it emphasizes those made
from quartz—how and why they
work. The distortion of crystal
resonators by the application of
an alternating voltage across its
faces is explained by the
piezoelectric effect. Although
synthetically produced quartz
is still the leading material for
manufacturing piezoelectric
resonators, many other natural
and man-made materials ex-
hibit similar properties.

The information presented
here is an introduction to the
second installment in this se-
ries addressing the design and
application of crystal-controlled
oscillators such as the Colpitis,
Pierce, and Butler. These os-
cillators, originally designed as
vacuum-tube oscillators, have
been adapted to transistors,
and they include crystal reso-
nators.

CRYSTAL

OSCILLATORS

Armed with the information
we'll present on the mechanical
and el ectrical properties of crys-
tal resonators, you'll have abet-
ter understanding of how to
purchase and use low-cost crys-
talsinyour experiments or elec-
tronic projects.

Properties of crystals

The starting point in this
subject is crystallography, the
study of the form, structure,
properties, and classification of
crystals. This specialized sub-
ject linking physics, chemistry,
geology, and mechanical engi-
neering, is usually touched on
only briefly in formal electronics
engineering courses. With the
wealth of subject matter to
cover, instructors rarely say
much about crystal resonators
except to note that they are
readily available components
and can be viewed as electrically

equivalent to high-Q L CR tank
circuits.

Crystallography deals with
lattices, bonding, and the be-
havior of slices that have been
cut at various angles with re-
spect to the crystal's axes. The
mechanical properties of crystal
lattices permit the important
piezoel ectric effect. Sections of
crystal blanks that have been
cut and polished according to
well known rules vibrate when
alternating voltages are applied
across their faces.

The dimensions of the crystal
slice—particularly its thickness
and where and how it was cut
from the blank— determine its
electrical and mechanical prop-
erties. Other factors are the
form of the electrodes and how
the crystal is supported.

A resonant crystal's behavior
can be simulated as either a par-
allel or series tank circuit with
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FIG. 4—A QUARTZ-CRYSTAL RESONATOR with its case removed. The silvered elec-
trodes are on opposite sides of crystal disk and the disk is supported at its nodal

points.

crystal, support, and case as a
holder. The insulated pins in
the base of the holder are for
external electrical connections.
The flat metal case is either sol-
dered or welded to the base to
form a hermetic seal. Sealing is
typically done in a vacuum
chamber which might also con-
tain an inert gas such as nitro-
gen to provide additional pro-
tection for the crystal against
contamination. It is essential
that all moisture be>removed
from the case. The removal of
air from the holder reduces the
crystal’s mechanical load and
affects its resonant frequency.

Series and parallel resonance
Crystal resonators can be
modeled near resonance with
the equivalent circuit shown in
Fig. 5. The series combination
L,. C,, and R_ represent the elec-
trical equivalent of the vibra-
tional characteristics of the
crystal by itself. The inductance
L, is the electrical equivalent of
the crystal mass that is effective
in vibration, C, is the mechan-
ical equivalent of the effective
mechanical compliance, and R,
represents the electrical equiv-
alent of mechanical friction.
This equivalent circuit is
modified, however, when the
crystal is mounted in the crystal
holder. As a result, the equiv-

FIG. 5—IN AN EQUIVALENT CIRCUIT
FOR A CRYSTAL resonator, L, C,, and
R, represent the crystal, and C, repre-
sents the capacitance of electrodes and
holder.

alent circuit of the mounted
crystal is the parallel circuit
shown in Fig. 5. Capacitor C,
represents the electrostatic ca-
pacitance between the crystal
electrodes and the stray capaci-
tance associated with the hold-
er when the crystal is not
vibrating.

At series resonance, the reac-
tances of C, and L cancel out,
leaving resistor R, and a small
amount of capacitive reactance
from static capacitor C_. At a
frequency slightly above series
resonance, f_, the reactance of
C,, cancels out and the crystal
looks resistive. The value of this
resistance is called the equiv-
alent-series resistance. Man-
ufacturers usually specify only a

maximum value of ESR because
precise values are seldom
needed in oscillator design.
Crystals made to operate at se-
ries resonance are called series-
resonance crystals.

A series-tuned circuit is ca-
pacitive below its series-reso-
nant frequency f, and inductive
above it. The series-resonant
frequency is given by:

1
““enle,

At some frequency {,, which
is higher than {, the crystal will
act as a parallel-tuned circuit
because the now inductive se-
ries branch resonates with C,,.
Crystal resonators made to os-
cillate above series resonance
are called parallel-resonance
crystals or load-resonance
crystals. The parallel resonant
frequency is:

o1
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where

Crystal resonators intended
for parallel-resonance operation
include a specification called
the load capacitance, abbrevi-
ated C.. Typically 10 to 100
picofarads, it is called load ca-
pacitance because it is the ca-
pacitance value that the os-
cillator circuit presents to the
crystal, that is, the crystal’s
load.

Load capacitance can be ap-
proximated as a 10 to 100
picofarad capacitor in series
with a series-resonant circuit
(the crystal). If the load capaci-
tance is decreased, the resonant
frequency of the total circuit
{crystal plus load capacitor) will
increase. As frequency in-
creases, the crystal becomes
more and more inductive. Most
oscillator circuits call for an in-
ductive crystal resonator.
Therefore, parallel resonance
crystals are very popular.

Series vs. parallel.
In an oscillator circuit a paral-



lel-resonance crystal is usually
more stable than a series-reso-
nance crystal. The parallel-reso-
nance crystal’s change in induc-
tive reactance per change in
frequency (AX/Af) is greater
above series resonance than at
series resonance. This sharp-
ens the tuning of the feedback
network. Therefore, noise sig-
nals higher or lower than the
resonant frequency are quickly
damped out. This prevents off-
Jrequency oscillation.

Figure 6 summarizes crystal
resonator characteristics by
plotting reactance vs. frequen-
cy. In the parallel resonance re-
gion, the magnitude of the
crystal’s resistance increases
above its ESR value. Manufac-
turers usually refer to this as
the crystal’s maximum resis-
tance with load capacitance or,
the crystal’s load resistance.

The frequency at which the
inductive reactance abruptly
changes to capacitive reactance
(and resistance approaches a
maximum), is called anti-reso-
nance. It is not specified in data
sheets for most oscillator ap-
plications.

Table 1 gives typical values for
a selection of crystal resonators.
The columns headed Cg, L, and
R, are the series values and C,
represents parallel capacitance.
The C, column is load capaci-
tance and the R, column is load
resistance.

Other characteristics.

The relationship between a
quartz crystal’s thickness and
resonant frequency is ex-
pressed as h = 65.5/f, where h
is the thickness in inches, and
f; is the resonant frequency in
kilohertz. This formula says
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FIG. 6—CHARACTERISTICS OF CRYSTAL RESONATORS: parallel resonance, and

series resonance are shown.
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FIG. 7—Plot of frequency change with respect to temperature ‘for a typical AT-cut

crystal resonator.

that for high frequency oscilla-
tion, the quartz wafer must be

ery thin. This fact makes it dif-
ficult to manufacture crystal
resonators with fundamental
frequencies much above 30
MHz because the crystal is so
thin that it is exceptionally frag-

ile and conventional cutting
and polishing could result in
high production cost.

Some crystal resonator man-
ufacturers get around this
problem by using chemical
etching to achieve thinner
slices of quartz. This has made

it possible to achieve funda-
mental frequencies up to about
350 MHz, but this process is
more costly and it increases the
cost of those resonators.

Resonant frequencies higher
than 30 MHz have been ob-
tained by making use of har-
monically related vibrations
that occur simultaneously with
the fundamental vibration. The
harmonics are odd multiples of
the fundamental (3, 5, 7 and 9)
and they are referred to as over-
tones because they are not true
harmonics. The tradeoff is that
special provisions must be
made in oscillator circuits to en-
hance those overtone frequen-
cies.

Manufacturers can process a
crystal so that one overtone is
stronger than the others. Typ-
ically, overtone crystals are
available for the 3rd, 5th, 7th,
or 9th mode of vibration. Thusa
30-MHz, third-overtone crystal
actually has a 10-MHz funda-
mental, but the crystal is cut to
enhance its third mode. Low-
cost overtone crystals with fre-
quencies up to 200 MHz are
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available as standard commer-
cial products. More expensive
chemically-milled resonators
can have overtones up to about
500 MHz.

Temperature stability

A crystai’s resonant frequency
changes with temperature.
Crystal manufacturers express
temperature-related changes in
parts per million per degree Cel-
sius (ppmv/°C). Figure 7 is a plot
of resonant frequency change
with temperature for a typical
low-cost AT-cut crystal.

When a desired operating
temperature is specified, a man-
ufacturer fabricates the crystal
so that its optimum stability
point (zero ppm/°C on Fig.7) cor-
responds to that temperature.
For low cost units, this is 25°C.

To find the maximum f{re-
gquency change, locate the
ppm/°C value corresponding to
the given temperature. Next,
multiply ppm by the nominal
operating frequency (in mega-
hertz). For example, at -20°C, a
crystal can have a +38 ppm/°C
rating. If its resonant frequency
is specified to be 10 MHz (at 25
°C), its resonant frequency will
increase by 380 Hz when its
temperature drops to -20°C (38
ppm X 10 MHz).

For most practical circuits
this represents a minor fre-
quency change. However, if
strict frequency control is re-
quired in any application, a
crystal oven or temperature-
compensated oscillator (TCXO)
should be included.

Calibration tolerance.

A crystal’s true frequency
might not be exactly the same
as the value stamped on its
case. The error depends upon
the crystal’s calibration toler-
ance. Moreover, its calibration
tolerance is specified at one spe-
cific temperature, usually 25°C.
For example, expect a 10-MHz
crystal with a =25 ppm/°C cal-
ibration tolerance to have a res-
onant frequency within * 250
Hz of 10 MHz when operating at
25°C.

Aging
Aging is a gradual changeina
crystal’s resonant frequency

with respect to time. It is usu-
ally specified in parts per mil-
lion per year (ppmvyear). Typical
values range from 3 to 10 ppmv/
year. For example, a 10-MHz
crystal with an aging rate of 10
ppm/year can change by 100
hertz per year. One cause of
aging is the redistribution of
particles of quartz and embed-
ded grinding compound that
were not removed by careful
cleaning. '

These microscopic materials
remain within the holder after
hermetic sealing and are re-
distributed as a result of reso-
nator vibration. Thus aging is
directly affected by the power in-
put or drive level.

In addition, slow leaks in the
hermetic seal can allow air,
moisture and contaminants
into the case which will shift the
resonant frequency. Stresses on
the electrodes and changes in
atmospheric pressure that flex
the outer walls of the case can
also contribute to the aging of a
crystal.

Power dissipation.

As with any object that is
vibrating at its resonant fre-
quency, the vibrations can
quickly build to a destructive
level. To maintain temperature
stability and to avoid damaging
the crystal resonator, each crys-
tal has a recommended max-
imum drive level. Typical max-
imum values range from 5
milliwatts at low frequencies to
0.1 milliwatt at high frequen-
cies because high-frequency
crystals are thinner than low
frequency crystals.

Standard holders

The holders were standard-
ized by a military specification
years ago, and they are still re-
ferred to as HC numbers (for
HC-XX/U) to identify resonator
type and size. Crystal reso-
nators are available from stock
with resocnant frequencies from
about 70 kHz to 200 MHz. Spe-
cials can be ordered as custom
items. We wish to acknowledge
the assistance of Royden Free-
land of International Crystal
Mfg., Co. Oklahoma City, OK, in
checking this manuscript for
accuracy. R-E





