Crystal Parameter
Measurement and

Ladder Crystal-Filter Design

A crystal text fixcture, procedures and a spreadsheet
smooth this traditionally complicated process.

en designing crystal filters
or crystal oscillators, it is
essential to accurately mea-

sure the parameters of the crystals
used if results are to agree with the
design calculations. While a number
of articles have been written to de-
scribe measurement techniques, most
require several measurements and
numerous calculations to obtain the
crystal parameters.’> Since many
crystals often need to be measured to
select those crystals that have the nec-
essary parameters, the entire process
can be very unwieldy and time con-
suming. The goal of this article is to
simplify that task. I present two mea-
surement techniques from which the

'Notes appear on page 42.
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reader can select one based upon avail-
able test equipment. With the mea-
surements done, we can use Excel
spreadsheets to ease the calculations.
Last, a spreadsheet based upon a
previous article in @ST (see Note 3) is
presented for taking measured crys-
tal parameters and designing simple
ladder crystal filters.

Tutorial

To understand how the crystal pa-
rameters are measured, let’s have a
short tutorial on crystal models. The
typical four-element crystal model is
shown in Fig 1 (more complex models
have been developed, but they are not
needed for most applications). The
crystal model consists of a series of
lumped elements (inductor L, a ca-
pacitor C,,, and a series resistance R )
in parallel with capacitor C,. L,, and
C,, represent the “motional” induc-
tance and capacitance of the crystal

®

and R represents the series resistance
of the crystal. C, represents the shunt
holder capacitance of the crystal.

The transmission response of a
crystal is shown in Fig 2. This is based
upon a simple test setup shown in
Fig 3. The crystal has a very low re-
sistive impedance equal to R, at the
series-resonant frequency because the
inductor and capacitance impedances
cancel at this frequency, leaving only
the series resistance, R, . Therefore,
the transmission signal output ampli-
tude is maximum at the series-
resonance frequency because this is
the lowest series impedance possible.
The series-resonance frequency is
given by:

] (Eq 1)
L NN

The parallel resonance frequency is
a function of C, and any stray capaci-
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tance (C,) plus L. It presents high
transmission impedance, hence the
low output amplitude shown in Fig 3
for the parallel-resonance frequency.
The parallel-resonant frequency is:

_ 1 (Eq 2)

p
2”\/mem(co + CS)
Cp +Cy +C

where C, is the stray capacitance
across the crystal’s terminal leads.
Notice that the parallel-resonance fre-
quency is affected by the presence of
stray capacitance.

This test setup will measure the
series-resonance frequency correctly,
but not the true crystal parallel-
resonance frequency because of stray
capacitance added by the simple
test setup. Therefore, to accurately
measure the true crystal parameters,
it is necessary to cancel out the effects
of the stray capacitance caused by the
test fixture. This may be achieved by
means of an anti-phase voltage
through another capacitor equal to
that from the stray capacitance as
shown in Fig 4. Notice that both V,
voltage sources have the same mag-
nitude but differ in phase by exactly
180°. They go through equal-value

capacitors (C,g; is set to equal Cgpqy).
Therefore the current through Cg, ,
is exactly cancelled by the current
through C,4;, and the net result is that
the circuit behaves as if only L, C,,
R, and C, were present, thus cancel-
ing the effects of Cy,yy.-

In terms of a practical circuit, the
two opposite-phase voltage sources
can be implemented with a transmis-
sion-line transformer, as shown in
Fig 5. The 1:1 transformer is used to
generate an anti-phase voltage for the
neutralizing capacitor leg by invert-
ing the polarity of the input voltage
going into the crystal.

The input and output resistor pads
lower the impedance of the source and

load (to 19.1 Q) as seen by the crystal
to better match the series resistance of
the crystal (typically in the 10-35 Q
range for most crystals in the 1-20 MHz
range) for more accurate measure-
ments.

Test Fixture Construction

The crystal measurement test fix-
ture is based upon a Tektronix Appli-
cation Note (see Note 1). It is relatively
easy to build and its layout is not criti-
cal, as long as leads are kept short. I
constructed my crystal-measuring test
fixture in an aluminum case for shield-
ing, using a die-cast enclosure made
by LMB (model CAB-123). It is 33%/sx
1'/2x1'16 inches (LWH). I used five-way
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Fig 1—Lumped-element model of a crystal.

Fig 2—Crystal transmission response.
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Fig 5—Crystal measurement test fixture.
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terminal posts for the crystal connec-
tors and BNC connectors for the sig-
nal input and output connectors. The
1:1 transformer was made with an
Amidon FT37-43 toroid core, wound
with two sets of windings, each con-
sisting of 16 turns of #28 AWG wire,
as shown in Fig 6. The neutralizing
capacitor is a 2-10 pF piston capaci-
tor, although any type should work.
Make sure that it can be insulated
from the chassis. A picture of the out-
side of the test fixture is shown in
Fig 7 and a picture of the inside of the
test fixture is shown in Fig 8.

Measurement Techniques

This article describes two alterna-
tive measurement techniques, with
Excel spreadsheets to ease the calcu-
lation process. The first technique uses
either a signal generator and power
meter (or spectrum analyzer) or a sca-
lar or vector network analyzer with the
test fixture. A second technique uses a
vector voltmeter for those individuals
that have access to one. It does not re-
quire the test fixture. Regardless of the
particular technique used, each will
give accurate results using the Excel
spreadsheets. The end result is a rela-
tively painless technique to accurately
characterize crystals.

The first approach only requires a
signal source (CW signal generator or
sweep generator) and a level measur-
ing device (power meter or spectrum
analyzer), as shown in Fig 5. The main
requirement of the signal generator (or
frequency counter) is that it can be set
accurately in frequency and that it is
stable during the measurement. That
is ideally a setting accuracy to
1 Hz or better and drift of less than
1 Hz during the measurement. The
power meter or spectrum analyzer
needs to resolve levels to 0.1 dB or bet-
ter. The absolute accuracy is not very
important because only power differ-
ences (over a typical range of 2-4 dB for
most crystals) are measured.

Table 1 gives a detailed measure-
ment procedure using this method.
Notice that the value of C, is extremely
sensitive to the measured value of the
parallel-resonant frequency, so take
care that you measure the frequency
of the minimum signal point corre-
sponding to F,. This is not always easy
to do because the signal is often down
in the noise where the true null is dif-
ficult to identify.

A vector RF impedance meter, such
as the HP-4815A, can also be used for
determining the parameters of a crys-
tal. The technique is based upon the
crystal-impedance characteristics as
shown in Fig 9. The key characteris-
tics of the crystal impedance are that Fig 8—Inside view of crystal measuring test fixture.

Fig 6—Construction of a 1:1 transformer.

40 Sept/Oct 2003 OEX-

Evans.pmd 40 $ 8/4/2003, 9:58 AM



