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(57) Abstract

A two-pole monolithic crystal filter (200) includes grounded strip electrodes (203, 213) between input (201,211) and out-
put (205, 215) electrodes. The grounded strip electrodes (203,2 13) have a higher resonating frequency than the input (201, 211)
and output (205, 215) electrodes and also provide increased acoustical coupling and lower inter-electrode capacitance (702) bet-
ween the input (201, 211) and output (203, 215) electrodes, while having little orno effect on the midband electrical characteri-
stics of the filter. Because of the increased coupling, the input (201, 211) and output (205, 215) electrodes can be spaced further
apart than heretofore possible in prior monolithic crystal filters. Moreover, further increases in the acoustical coupling can be
achieved by arranging a plurality of strip electrodes (402,412;403,413; and 404, 414) between the input (401, 411) and output
(404, 414) electrodes, The inventive monolithic crystal filter (806) can be advantageously utilized for filtering the IF signal deve-
loped in the IF portion (804) of an FM radio receiver (300).
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TWO-POLE MONOLITHIC CRYSTAL FILTER

Background of Invention

The present invention relates generally to filters,
and more particularly to two-pole monolithic crystal
filters having improved coupling and attenuation charac-
teristics.

Prior art monolithic crystal filters, as illustrated
in FIGS. 1 and 2, typically include pairs of opposingly
disposed electrodes plated on opposite surfaces of a
quartz crystal wafer 100. The monolithic crystal filter
may include pairs of electrodes 101, 103, and 102, 104
as in FIG. 1, or may include separate input and output
electrodes 105 and 106 and a common electrode 107 as in
FIG. 2. The pbasic electrical characteristics of such
monolithic crystal filters are generally described in
William D. Beaver's PhD Dissertation entitled, "Theory
and Design Principles of the Monolithic Crystal Filter",
Lehigh University, 1967.

The acoustical coupling between the input and output
electrodes of a monclithic crystal filter is dependent
upon, among other things, the distance between the elec-
trodes along the axis of coupling, the length of the
sides of the electrodes parallel to the axis of coupling
and the difference in the resonating frequency between
the plated and the unplated surfaces of the crystal
wafer, which is typically referred to as the plateback.
In order to resonate at higher frequencies, the elec-
trodes of the monolithic crystal filter may be designed
to operate in an overtone mode of oscillation. However,
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in order to provide adequate coupling in an overtone mode = _
filter, the input and output electrodes must be arranged
extremely close togethef. But, as the input and output s
electrodes are ﬁoved closer together, problems are

encountered both in manufacturing such overtone mode

filters due to tolerance variations and in degradation of

the attenuation characteristics of such overtone mode

filters due to the capacitance between the input and

output electrodes.

The degradation in the attenuation characteristics
of overtone mode filters may be lessened somewhat by
overlapping the electrodes as described in U.S. Patent
No. 4,163,959. According to another prior monolithic
crystal filter arrangement, the capacitance between the
input and output electrode may pe reduced by placing add-
itional grounded electrodes between the input and output
electrodes. But, such additional electrodes must have
the same resonating frequency as the input and output
electrodes. It has also been demonstrated for another
prior monolithic crystal filter arrangement that the
acoustical coupling between the input and output elec-
trodes can be vernier adjusted by plating the interelec-
trode region. However, none of the foregoing monolithic
crystal filter arrangements provide viable solutions for
the problems created due to the extremely close spacing
required between the input and the output electrodes for
overtone mode operation.

™

Summary of the Invention

Accordingly, it is an object of the present inven-
tion to provide an improved monolithic crystal filter
that has improved coupling and attenuation characteris-
tics.
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It is another object of the present invention to
provide an improved monolithic crystal filter that is
readily adaptable to resonate in overtone modes.

It is yet another object of the present invention to
provide an improved monolithic crystal filter that is
easily and inexpensively manufactured by means of mass
production techniques.

In practicing the present invention, an improved
monolithic crystal filter having a predetermined passband
and passband center frequency, Fg¢, includes a piezoelec-
tric substrate, a first pair of electrodes opposingly
disposed on the surfaces of the substrate, a second pair
of electrodes opposingly disposed on the surfaces of the
substrate at a predetermined distance from the first pair
of electrodes and a pair of strip electrodes opposingly
disposed on the surface of the substrate between the
first and second pair of electrodes. Both the first and
second pair of electrodes are adapted to resonate at the
passband center frequency, F., whereas the pair of strip
electrodes have a predetermined resonating fregquency
greater than the passband center frequency, Fc. Because
their physical dimensions are smaller than those of the
first and second pairs of electrodes, the strip elec-
trodes will have both a higher resonating frequency and
a higher impedance than the fist and second pairs of
electrodes. Thus, the strip electrodes have little or no
effect on the midband electrical characteristics of the
monolithic crystal filter, while improving the acoustical
coupling and reducing the interelectrode capacitance
between the first and second pairs of electrodes.
Furthermore, by providing additional pairs of strip elec-
trodes, the acoustical coupling between the first and
second pairs of electrodes may be further increased.

When operated in a third overtone mode, a monolithic
crystal filter embodying the present invention exhibits a
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wide passband while highly attenuating signals outside of
the passband.

Brief Description of the Drawings

FIG. 1 is an edge view of a prior art monolithic
crystal filter.

FIG. 2 is an edge view of a different prior art
monolithic crystal filter.

FIG. 3 is an edge view of a monolithic crystal
filter embodying the present invention.

FIG. 4 is an edge view of a different monolithic
crystal filter embodying the present invention.

FIG. 5 is a top view of yet a different monolithic
crystal filter embodying the present invention.

FIG. 6 is an equivalent electrical circuit diagram
for a monolithic crystal filter.

FIG. 7 is a graph illustrating representative atten-
uation waveforms 701 and 702 for the monolithic crystal
filters in FIGS. 1 and 3, respectively. _

FIG. 8 is a block diagram of a portion of a radio
receiver that may advantageously utilize a monolithic

crystal filter embodying the present invention.

Detailed Description of the Preferred Embodiment

In FIG. 3, there is illustrated a two-pole mono-
lithic crystal filter embodying the preéent invention.
The filter includes a substrate 200 which is comprised of s
a piezoelectric material, such as quartz. The thickness
of the quartz substrate 200 primarily determines its
fundamental resonating frequency. Disposed on the sur-
faces of the quartz substrate 200 are first and second
pairs of electrodes 201, 211, and 205, 215, having input

and output terminals which may be coupled to receive and
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provide input and output signals, respectively. Each
electrode is preferably formed of an electrically conduc-
tive material, typically gold, which is plated on the
surface of the substrate 200 to a predetermined thick-

5 ness. In the preferred embodiment, the substrate 200 is
an AT cut gquartz crystal on which the pairs of electrodes
may be aligned either along the "X" or "2z" crystallo-
graphic axis of the quartz.

The two-pole monolithic crystal filter of FIG. 3

10 further includes a pair of strip electrodes 203, 213.
The strip electrodes 203, 213 and the input and output
electrodes 201, 211 and 205, 215, viewed from above, have
a rectangular shape, although they may take the shape of
any parallelogram where the opposing sides of each elec-

15 trode are the same length. The strip electrodes 203,
213, preferably have the same thickness and length as the
input and output electrodes 201, 211 and 205, 215, but
have a smaller width. Due to the fact that their width
is smaller, the strip electrodes 203, 213, have a higher

20 resonating frequency than the input and output electrodes
201, 211 and 205, 215. In addition to their frequency
being higher, the strip electrodes 203, 213 also have a
higher impedance than the input and output electrodes
201, 211 and 205, 215, and thus have little overall

25 effect on the midband electrical characteristics of the
input and output electrodes 201, 211 and 205, 215.

Referring to FIG. 4, a two-pole monolithic crystal

filter is shown that has input and output electrodes 401,
411 and 405, 415 and three pairs of strip electrodes 402,

30 412, 403, 413 and 404, 414, which all have the same
resonating frequency. The strip electrodes 402, 412,
403, 413, and 404, 414 have the same thickness and length
as the input and output electrodes 401, 411 and 405, 415,
but have a smaller width causing them to have a higher

35 frequency than the input and output electrodes 401, 411
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and 405, 415. Any number of pairs of strip electrodes
having the same resonating frequency can be disposed
between the input and output electrodes of a two-pole
monolithic crystal filter in practicing the present
invention. .

Furthermore, as illustrated in FIG. 5, the width of
the strip electrodes may vary. Strip electrode 504 has a
greater width than strip electrode 503, which has a
greater width than strip electrode 502. But, all strip
electrodes 502, 503, and 504 have a width less than the
width of the input and output electrodes 501 and 505.

The electrodes in FIG. 5 are shown as being aligned along
the "X" crystallographic axis and are all opposed by a
single common electrode 506.

According to the present invention, the strip elec-
trodes 203 and 213 in FIG. 3 not only significantly im-
prove the acoustical coupling between the input and out-
put electrodes 201, 211 and 205, 215, but also improve the
attenuation of signals outside the filter passband, com-
monly termed the ul%imate attenuation. In prior art mono-
lithic crystal filters, there is what is commonly referred
to as a "gimmic" capacitance, Cg (see FIG. 6), between in-
put and output electrodes, such as electrodes 101 and 102
in FIG. 1. The presence of the gimmic capacitance, Cg,
causes the attenuation waveform of a monolithic crystal
filter to peak at the edges of the filter passband and
thereafter decrease somewhat for frequencies beyond the
filter passband, as illustrated by the dotted line wave-
form 701 in FIG. 7. Thus, in order to improve the
ultimate attenuation as in waveform 702 in FIG. 7, it is
necessary to reduce or eliminate the gimmic capacitance
between the input and output electrodes of a monolithic
crystal filter.
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In accordance with the present invention, the gimmic
capacitance, Cg, between the input and output electrodes
201 and 205 in FIG. 3 can be substantially reduced by
grounding the strip electrodes 203 and 213. But, ground-
ing the strip electrodes 203 and 213 may also increase
somewhat the capacitance, Cp (see FIG. 6), between the
input and output electrodes 201 and 205 and signal
ground, slightly affecting the filter center frequency,
Fo. However, any slight changes in the capacitance, Cg,
can be readily accommodated during the design of a mono-—
lithic crystal filter.

Not only does the monolithic crystal filter of the
present invention minimize the gimmic capacitance, Cg,
but also increases the acoustical coupling, Lx (see
FIG. 6) between the input and output electrodes 201, 211
and 205, 215 in FIG. 3. The acoustical coupling, Iy, is
dependent upon, among other things, the thickness of the
electrodes, the distance between the input and output
electrodes along the axis of coupling, the length of the
sides of the electrodes parallel to the axis of coupling
and the difference in resonating frequency between the
plated and unplated areas of the substrate 200, which is
commonly.referred to as the plateback. The acoustical
coupling could be increased in prior art monolithic crys-
tal filters by placing the input and output electrodes
closer together. For example, in overtone mode filters,
the input and output electrodes must be extremely close
together to attain sufficient coupling to make them per-
form as désigned. Due to tight tolerance restrictions,
the placement of the input and output electrodes must be
accurately controlled when fabricating such overtone mode
filters to insure adequate yield. However, by utilizing
the monolithic crystal filter of the present invention,
the foregoing problems have been substantially eliminated
since an increase in coupling can be achieved without the
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tight tolerance restrictions encountered when placing the
input and output electrodes close together. By utilizing
the strip electrodes 203, 213 in accordance with the
present invention, the effective plateback may be reduced
to provide a corresponding increase in the acoustical
coupling. The effective plateback is reduced because the
addition of the strip electrodes reduces the effective
difference in resonating frequency between the plated and
unplated areas of the substrate 200 between the input and
output electrodes 201, 211 and 205, 215. Moreover, a
further reduction in the effective plateback can be
achieved by adding additional pairs of strip electrodes
between the input and output electrodes, as illustrated
by the monolithic crystal filter embodiment in FIG. 4.
Even further improvement results when a single common
electrode is utilized on the surface opposite to the
input, output and strip electrodes, as illustrated by the
monolithic crystal filter embodiments in FIGS. 5 and 8.
Moreover, yet another benefit resulting from a plurality
of strip electrodes, as illustrated by the monolithic
crystal filters in FIGS. 4 and 5, is that the filter
passband is widened without resorting to a multi-pole
crystal filter arrangement.

A monolithic crystal filter embodying the present
invention may be advantageously utilized in any applica-
tion requiring a wide passband and a high degree of
attenuation of signals outside the filter passband. For
example, the monolithic crystal filter of the present
invention may be utilized in the IF portion of a radio
receiver, such as that illustrated in FIG. 8. Such radio
receivers have an intermediate frequency (IF) portion
that typically operates at frequencies between 10-45 MHz.
In the FM receiver 800 in FIG. 8, mixer 802 combines the
received signal from an antenna with a signal from local
oscillator 803 to provide an IF signal. However, the IF
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signal from mixer 802 must next be filtered by IF filter
804 to remove unwanted harmonic signals produced by the
signal multiplication in mixer 802. IF filter 804 may
typically include amplifying and impedance matching cir-
cuitry 805 which receives and amplifies the signal from
mixer 802. The signal from amplifying circuitry 805 may
then be applied to a monolithic crystal filter 806
embodying. the present invention. The filtered IF signal
from monolithic crystal filter 806 may then be coupled to
impedance matching and amplifying circuitry 807 for fur-
ther amplification and impedance matching, if necessary,‘
prior to application to succeeding receiver stages. For
such FM radio receiver applications, a monolithic crystal
filter embodying the present invention may be arranged to
provide third overtone operation, for example, at an IF
frequency of 45 MHz, while having a passband as great as
32 KHz and maintaining a minimum of 60d4B of attenuation
of signals at least 910 KHz away from the passband center
frequency, F. (see waveform 702 in FIG. 7). It should be
understood that the monolithic crystal filter of the
present invention may be advantageously utilized in any
FM radio, such as those described in Motorola Instruction
Manuals, 68P81020E10 and 68P81029E65, published by
Motorola Service Publications, Schaumburg, illinois, 1975 -~
and 1977, respectively.

In summary, an improved two-pole monolithic crystal
filter has been described that provides increased coupl-
ing and ultimate attenuation through the use of strip
electrodes interposed between the input and output elec-
trodes. By using such strip electrodes, a high degree
of coupling can be maintained while at the same time
increasing the separation distance between the input and
output electrodes. As a result, overtone mode monolithic
crystal filters may be more easily and economically manu-

factured.
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Claims

1. An improved monolithic crystal filter having a
predetermined passband and passband center frequency,
comprising:

a piezoelectric substrate having first and second
flat, parallel surfaces, the substrate having a predeter-
mined fundamental frequency that is greater than the pass-
band center frequency;

first electrode means including a pair of elec-
trodes opposingly disposed on the surfaces of the substrate,
the first electrode means being adapted to resonate substan-
tially at the passband center frequency:;

second electrode means including a pair of elec-
trodes opposingly disposed on the surfaces of the substrate
at a predetermined distance from the first electrode means,
the second electrode means being adapted to resonate sub-
stantially at the passband center frequency;

strip electrode means including a pair of elec-
trodes opposingly disposed on the surfaces of the substrate
between the first electrode means and the second electrode
means, the strip electrode means having a resonating
frequency greater than the passband center frequency and

further being electrically grounded.

4p WIPO
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2. The monolithic crystal filter according to claim 1,
wherein the piezoelectric crystal substrate is quartz, and
the first electrode means, second electrode means and the
strip electrode means are substantially aligned with respect
to a predetermined crystallographic axis of the quartz sub-

strate.

3. The monolithic crystal filter according to claim 2,
wherein the first electrode means, second electrode means
and the strip electrode means are substantially aligned with

respect to the "3Z" crystallographic axis of the quartz sub-

strate.

4., The monolothic crystal filter according to claim 2,
wherein the first electrode means, second electrode means
and the strip electrode means are substantially aligned with
respect to the "X" crystallographic axis of the quartz sub-

strate.

5. The monolithic crystal filter according to claims 1
or 2, wherein each electrode of the first electrode means,
second electrode means and strip electrode means is formed
in the shape of a parallelogram, and the electrodes of the
first electrode means, second electrode means and strip
electrode means are further arranged so that all sides are

parallel with one another and opposing sides have the same

predetermined length.

6. The monolithic crystal filter according to claim 5
wherein each electrode of the first electrode means, second
e lectrode means and strip electrode means have a rectangular

shape.

7. The monolithic crystal filter according to claims 1

or 2, wherein the strip electrode means includes a plurality
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12
of strip electrode pairs, each strip electrode pair having a
resonating frequency that is greater than the passband

center frequency.

8. The monolithic crystal filter according to claims 1
or 2, wherein the strip electrode means includes a plurality
of strip electrode pairs, each strip electrode pair having
substantially the same resonating frequency that is greater
than the passband center frequency.

9. The monolithic crystal filter according to claims 1
or 2 adapted for use in a frequency-modulated (FM) signal
receiver having an intermediate-frequency (IF) portion for
developing an intermediate frequency~signal from a received
FMlsignal, said monolithic crystal filter disposed in the IF
portion of the FM signal receiver for filtering the IF sig-

nal.

10. The monolithic crystal filter according to claim 8,
wherein said first electrode means and second electrode
means are further adapted to xresonate in a predetermined
overtone mode.

ll1. The monolithic crystal filter according to claims 1
2, 3, 4 or 5, wherein each electrode of the first electrode
means, second electrode means and strip electrode means is
comprised of an electrically conductive material deposited
on the surfaces of the substrate at a predetermined thick-

ness.
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12. An improved monolithic crystal filter having a
predetermined passband and passband center frequency, com-
prising:

a piezoelectric substrate having first and second
flat parallel surfaces, the substrate having a predetermined
fundamental frequency that is greater than the passband

center frequency;
first electrode means predeterminedly disposed on

the first surface of the substrate, the first electrode
means being adapted to resonate substantially at the pass=-
band center frequency;

second electrode means predeterminedly disposed on
the first surface of the substrate at a predetermined dis-
tance from the first electrode means, the second electrode
means being adapted to resonate substantially at the pass-
band center frequency;

strip electrode means predeterminedly disposed on
the first surface of the substrate between the first elec-
trode means and the second electrode  means, the strip elec-
trode means having a resonating frequency that is greater
than the passband center frequency; and

commnon electrode means disposed on the second sur-
face of the substrate in opposing relationship to the first
electrode means, second electrode means and strip electrode
means, the common electrode means further being coupled to

the strip electrode means and electrically grounded.
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13. The monolithic crystal filter according to claim
12, wherein the piezoelectric crystal substrate is quartz,
and the first electrode means, second electrode means and
the strip electrode means are substantially aligned with
respect to a predetermined crystallographic axis of the

quartz substrate.

14. The monolithic crystal filter according to claim
13, wherein the first electrode means, second electrode
means and the strip electrode means "are substantially
aligned with respect to the "Z" crystallographic axis of the

quartz substrate.

15. The monolothic crystal filter according to claim
13, wherein the first electrode means, second electrode
means and the strip electrode means are substantially
aligned with respect to the "X" crystallographic axis of the
quartz substrate.

16. The monolithic crystal filter according to claims
12 or 13, wherein the first electrode means, second elec-
trode means and strip electrode means are each paired with
separate common electrode means, the first electpode means,
second electrode meang} strip electrode means and common
electrode means being formed in the shape of a parallelo-
gram, and the electrodes of the first electrode means,
second electrode means and strip electrode means further
being arranged so that all sides are parallel with one
another and opposing sides have the same predetermined
length.

17. The monolithic crystal filter according to claim 16
yherein each electrode of the first electrode means, second
electrode means and strip electrode means have a rectangular
shape.

\
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18. The monolithic crystal filter according to claims
12 or 13, wherein the strip electrode means includes a
plurality of strip electrodes, each strip electrode having a
resonating frequency that is greater than the passband '

center frequency.

19. The monolithic crystal filter according to claims
12 or 13, wherein the strip electrode means includes a
plurality of strip electrodes, each strip electrode having
substantially the same resonating frequency that is greater

than the passband center frequency.

20. The monolithic crystal filter according to claims
12 or 13 adapted for use in a frequency-modulated (FM) sig-
nal receiver having an intermediate-frequency (IF) portion
for developing an IF signal from a received FM signal, said
monolithic crystal filter disposed in the IF portion of the
FM signal receiver for filtering the IF signal.

21. The monolithic crystal filter according to claim
20, wherein said first electrode means and second electrode

means are further adapted to resonate in a predetermined

overtone mode.

22. The monolithic crystal filter according to claims
12, 13, 14, 15 or 16, wherein each electrode of the first
electrode means, second electrode -means and strip electrode
means is comprised of an electrically conductive material
deposited on the surfaces of the substrate at a predeter-

mined thickness.
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23. An improved monolithic crystal filter having a
predetermined passband and passband center frequency,
comprising: ;

a piezoelectric substrate having first and second
flat, parallel surfaces, the substrate having a predeter-
mined fundamental frequency that is greater than the filter
center frequency;

first electrode means including a pair of‘rectan-
gular electrodes opposingly disposed on the surfaces of the
substrate and each having two opposite sides of a predeter-
mined length, the first electrode means being adapted to
resonate substantially at the passband center frequency;

second electrode means including a pair of rectan-
gular electrodes opposingly disposed on the surfaces of the
substrate at a predetermined distance from the first elec-
trode means and each having two opposite sides of a prede-
termined length, the second electrode means being adapted to
resonate substantially at the passband center frequency;

strip electrode means including a pair of rectan-
gular electrodes opposingly disposed on thé surfaces of the
substrate between the first electrode means and the second
electrode means and each having two opposite sides of a
predetermined length, the strip electrode means having a
resonating frequency greater than the passband center fre-~
guency and further being electrically grounded, and the
electrodes of the first electrode means, second electrode
means and strip electrode means further being arranged so
that all sides having the predetermined length are parallel
with one another. :
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24. An improved monolithic crystal filter having a
predetermined passband and passband center frequency,
comprising:

a piezoelectric substrate having first and second
flat, parallel surfaces, the substrate having a predeter-
mined fundamental frequency that is greater than the filter
center frequency;

first electrode means including a pair of rectan-
gular electrodes opposingly disposed on the surfaces of the
substrate and each having two opposite sides of a predeter-
mined length, the first electrode means being adapted to
resonate substantially at the passband center frequency;

second electrode means including a pair of rectan-
gular electrodes opposingly disposed on the surfaces of the
substrate at a predetermined distance from the first elec~
trode means and each having two opposite sides of a prede-
termined length, the second electrode means being adapted to
resonate substantially at the passband center frequency;

strip electrode means including a plurality of
pairs of rectangular electrodes opposingly disposed on the
surfaces of the substrate between the first electrode means
and the second electrode means and each having two opposite
sides of a predetermined length, the strip electrode having
a resonating frequency greater than the passband center
frequency and further being electrically grounded, and the
electrodes of the first electrode means, second electrode
means and strip electrode means further being arranged so
that all sides having the predetermined length are parallel

with one another.
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