uartz Crystal Parameter
Measurement

Surplus crystals are abundant, but we must know more
than their frequency to use them. Heres a good way
to measure their important characteristics.

esigning and making your own

crystal filters makes sound

economic sense only if you
need a filter of a frequency or perfor-
mance specification that is not com-
mercially available, or if you have a
source of very cheap crystals and usu-
ally the latter reason prevails. Be-
cause of the availability of crystals for
TV and computer applications, as well
as surplus crystals from commercial
radiotelephones, there is a wide range
of frequencies available; unfortu-
nately, they don’t come labeled with
their electrical properties. These must
be measured before we can determine
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their suitability for our designs. The
graphical evaluation method de-
scribed here is an aid to discovering
these qualities when using simple test
equipment.

Crystal Parameters

Fig 1 shows the well-known electri-
cal-equivalent circuit of a quartz crys-
tal. It comprises a series-resonant
LCR combination shunted by the ca-
pacitance of the crystal’s electrodes,
plus circuit strays. This shunt capaci-
tance creates a parallel resonance in
addition to the series resonance, and
this extra response complicates mea-
surement of the value of the series
components. It also plays an impor-
tant part in determining the fre-
quency response of the final filter. Its
influence can be eliminated by reso-

nating it at the series-resonant fre-
quency by means of a shunt induc-
tance. This is the traditional method
usually described in textbooks; it can
also be used to design filters with a

symmetrical frequency response.! The
alternate technique I shall describe

neatly avoids the necessity for this

procedure and allows both series and
shunt components to be evaluated.

Measuring Series Resonance

The circuit used for measuring se-
ries resonance is in Fig 2. As shown,
the waveforms of the signals at the
input and output of the crystal are
monitored on a dual-trace oscillo-
scope. Series resonance is indicated
when the two signals are exactly

"Notes appear on page 10.
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in-phase. This is a very sensitive indi-
cation of series resonance, and the ef-
fects of very small frequency changes

(a few hertz) can be readily detected.

Firstly, the series resonance of the

crystal alone is measured. Let this fre-
quency be f;. Then the measurement

is repeated with C1I in series with the
crystal. Call this frequency f;. The dif-
ference between these two frequencies
isrelated to the product of the crystal’s
equivalent series capacitance, Cg, and
its series-resonant frequency, f;, by:

fsCs=201(fl _fs) (Eq D
C, is sometimes referred to as the

motional capacitance of the crystal.

Plotted on a log-log graph, where the
horizontal axis is the added capaci-
tance CI and the vertical axis is the

frequency shift Af, this product results
in a family of straight diagonal lines,
as shown in Fig 3.

If the shift in frequency f7 — f; were
plotted on the graph for each value of
C1, a curve similar to the three ex-
amples shown would result. The
points should be plotted as they are
measured, because any that do not
conform to this general shape can be
rechecked immediately. This ability to
detect rogue measurementsis the first
of the benefits of using this graphical
procedure.

Values of CI between 500 pF and
5 pF were used in these measure-
ments. While the first three readings
follow the diagonal lines very closely,
subsequent readings deviate farther
right because of the influence of Cp,.

A

o4 A g0

Table 1—Measurements made on a color-TV crystal
For C,= 10 pF and f= 4430.849 kHz

Cl  C14C, f, f,—1, C.
(PF)  (pF) (kHz) (H2) (pF)
500 510 4430.997 148 0.034
300 310 4431.102 253 0.035
200 210 4431.207 358 0.034
100 110 4431540 691 0.034
50 60 4432.132 1283 0.035

20 0 4433.401 2562 0.035

10 20 4434.596 3747 0.034

5 15 4435.952 5103 0.035

Appendix: Derivation of Eq 1
Referring to Fig 1, and neglecting R in the absence of C,;:
1
f=——
¢ “or{LC, (EqA)
Adding capacitance C1 in series with the crystal gives a new series
resonance at:

1
fi=

' C,C1
2z LSLCS T (EqB)
Separating L, and C, gives:
P N S N
27Z'JLSCS C1 C1 (Eq o)
Cs+C1 |G, +C1

Rearranging this and dividing by C7 gives:

C,
e (EqD)

Since C, divided by Cf7 results in a very small quantity, the binomial
approximation can be applied to the square root term:

ied1+6~1+058 (EqE)
Thus:
Cs |_,  KC
f1=st1+2—C1J—fs+201 (EqF)
Therefore:
f.C,
(Eq )

which gives our expression for the product £, C,:

Fig 1—The equivalent circuit of a quartz £Cs=2C1(-1,) (EqH)
crystal.
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Fig 2—The circuit used for measuring series resonance.
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Fig 3—A plot of the various measurement results and values (see text for details).
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Ignore these latter readings for the
time being and project the diagonal,
linking the first three readings to the
right-hand edge of the graph. This al-
lows the value of the product f; C to
be determined and hence, following di-
vision by f;, the value C. The effect of
C), has been neatly avoided.

It was noted above that C, causes
the graph to deviate farther to the
right. C, may therefore be measured
directly from the graph, since it is the
displacement between the curve and
the diagonal. Several points may be
checked and they will be found to give
very similar readings. For the color-
burst TV crystals, its average value
was found to be 10 pF.

Notice that several crystals were
checked on a LF capacitance bridge
and their shunt capacitance, on
average, was found to be 7 pF, so the
measurement test jig must have con-
tributed 3 pF of stray capacitance.

Now modify Eq 1 to include the
shunt capacitance. Convincingly con-
sistent values of Cg can be calculated
over a wide range of series test capaci-
tors CI using Eq 2:

2C1+C,)f —-1f.)
C, = _— =
fs

An example of this calculation is
givenin Table 1 for measurementson a
UK color-burst (TV) crystal. A remark-
ably consistent series of values are cal-
culated for Cg even at very small val-
ues of C1. Reading f; Cg from the graph
gives a value of 0.155 =106 and when
this is divided by f; (4, 430,849 Hz), a
value of 0.035 pF is given for Cy. This
corresponds very satisfactorily to the
calculated values in Table 1 and shows
that sufficient accuracy for most ama-
teur designs can be achieved using the
graph alone. The series capacitors used
in these measurements are all silvered-
mica types that had been checked on a
capacitance bridge.

(Eq2)

Parallel Resonance

Applying the graphical method for a
third time, a crystal’s parallel reso-
nance can be determined. Using the
value of Cp as measured above, we
project upwards from the horizontal
axis to the diagonal line. Using the
value of 10 pF, previously obtained,
gives us an intersection with the di-
agonal at a frequency displacement of
7800 Hz. This represents the fre-
quency difference between the series
and parallel resonances, so finding
the parallel-resonant frequency be-
comes a matter of simple addition:

fo=fi+Af (Eq3)
10 Jan/Feb 2002 OEX-

Since f, = 4430.849 kHz and Af =
7800 Hz, f,, = 4438.649 kHz.

Because the parallel resonance is so
dependent on circuit strays, this read-
ing (which includes the effect of such
strays) is usually found more repre-
sentative of conditions in a ladder
crystal filter than is found by calcula-
tion. If you wish to try the calculation,
Eq 4 gives the relationship between
these quantities; it can be used to
check the graphical method.

C
— 14==
fp fS + Cp
' .035x 10712
= 4,430,849 1+0;_12 (Eq 4)
10x 10

=4438.596 kHz

So f;, = 4438.596 kHz, which differs
by only 53 Hz from the value obtained
graphically. That is a convincing dem-
onstration of the suitability of the
method.

Equivalent Series Resistance

While set up for testing series reso-
nance, the equivalent series resis-
tance, or ESR, should be checked. To
do this, insert the crystal into the test
set without any series capacitance.
Adjust the frequency for maximum
output on the millivoltmeter. Record
this value. Now remove the crystal
and substitute a miniature variable
resistor. This is then adjusted until
the level measured on the meter is the
same as noted previously with the
crystal inserted. Remove the resistor
and measure it on an ohmmeter. This
value is the ESR and is used in Eq 5 to
derive the @ of the crystal:

N Eq5
“3.CF, a5
It should be mentioned that this
method of measuring ESR is open to
error if harmonics are present in the
test signal. If there is any doubt about
the purity of the signal-generator out-
put waveform, it should be followed by
a low-pass filter. This is because the
millivoltmeter can respond to these
harmonics when the crystal is not in
circuit, if the meter’s response extends
to a sufficiently high frequency for
them to be within its range. Many
older instruments do not respond to
the harmonics, so this warning will
not apply; but if the meter does re-
spond, it will read higher than it
would when given a pure signal. In
consequence, the variable resistor
must be set slightly higher also, so a
pessimisticreading of ESR will result.
When the crystal is in circuit, it allows

Q

only the fundamental to pass. Al-
though crystals have responses at
overtone frequencies, these responses
do not coincide with the harmonics so
the harmonics cannot pass. I stress
that this is only a warning of what
could happen to the unwary; it does
not imply any special difficulty in us-
ing this method of measuring ESR.

Finally, it is worth buying more
crystals than you need for a filter so
that you can select those with the
highest @. Any with a @ significantly
lower than average should be dis-
carded.

Conclusion

Although this article has been writ-
ten from the point of view of its appli-
cation to ladder crystal filter design,?
the crystal data are equally applicable
to crystal-oscillator design. This inter-
relation has been exploited by Dave
Gordon-Smith G3UUR (see Note 1).
He measures Cg by placing the crystal
in a Colpitts oscillator circuit and
measuring the frequency shift when
series capacitance is added. If you
decide to use his test method, please
note that he uses Cg and C, to denote
totally different quantities from the
usage in this article. Apart from that,
you can take the measured oscillator
shift and apply the graphical evalua-
tion method toit, for the measurement
of equivalent series capacitance, Cg. It
is yet to be proved that the same ap-
plies to the shunt capacitance, Cj,.

Finally, I would like to acknowledge
the contributions made by Lorin
Knight, G2DXK, in our discussions
during our endeavors to separate the
various aberrations present in the
graphical method. His input is greatly
valued.

I would also like to record the valu-
able service that QST performed dur-
ing my early years in Amateur Radio.
Authors such as Byron Goodman,
W1DX, George Grammer, W1DF, Don
Norgaard and a great many more who
were pushing forward amateur tech-
niques were always read with great
interest.

Notes
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design that were published by the
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While working in telecommunica-
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for professional qualifications, which
ultimately resulted in IEE member-
ship and Chartered Engineer status.
After 10 years, Jack left industry and
became an electronic engineer at
Liverpool University, leading a small
team designing and constructing elec-
tronic instrumentation for mechani-
cal-engineering research.

After almost 30 years, he eventually
retired in 1993, but still maintains a
link to the University as an appointed
“Honorary Research Associate.” This
gives Jack access to the University’s
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of engineering books and journals.

Aside from design projects, Jack’s
Amateur Radio interests include 80
and 2-meter ragchewing, with occa-
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