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5 Claims.

This invention relates to broad band wave
filters in which niewo-electric crystals are used
as impedance elements and more particularly to
crystal filters of the low-pass type and of the
nigh-pass type which are characterized by a single
attenuation range and a single transmission
range,.

In my copending application, Serial No. 489,268,
filed Cctober 17, 1536, it is pointed out that in
Alters using piezo-electric crystals alone it is
possible to obtain only very narrow iransmission
bands. For quartz crystals the maximum ob-
tainable band width is about 0.7 per cent of the
mean band frequency. In the same application
filter networks are described in which by using
biezo-electric crystals in combination with elec-
trical inductances and capacities very much
broader bands are obtained without impairing
the sharp selectivity which is characteristic of
piezo-electric crystals.

In accordance with the present invention piezo-
electric crystal filters are provided in which the
transmission band is so widened that one of the
attenuation ranges is eliminated, the resulting
transmission characteristic being either of the
low-pass type or of the high-pass type.

The general form of the filters of the invention
is similar to that of the filters described in my
above mentioned copending application in that
the crystal elements are combined with electrical
inductances and capacities and that the branches
of the networks are disposed in a symmetrical
lattice formation.

The nature of the invention will be more fully
apprehended from the following detailed descrip-
tion of networks representing typical embodi-
ments thereof and by reference to the accom-
panying drawings of which:

Fig. 1 illustrates a form of crystal suitable for
use in the networks of the invention;

Figs. 2 and 3 are diagrams llustrating the
principles of the invention:

Fig. 4 shows schematically a low-pass filter
embodying the invention;

Figs. 5 and 6 are diagrams illustrating the
properiies of the filter of Mg, 4;

Fig. 7 shows schematically a high-pass filter
embodying the invention: and

Figs. 8 and 9 are diagrams illustrating the
properties of the filter of Fig. 7.

The form and the cut of a crystal suitable for
use in the frequency range up to about 500 kilo-
cycles per second is shown in Fig. 1 in which 10
represents a crystal plate, preferably of quartz,
having its length I parallel to the mechanical

(Ci. 178—14)

axis MM', its width w parallel to the optical axis
GO’, and its thickness £ parallel to the electrical
axis BE’. Electrodes 11 and 12 are applied to the
large faces of the crystal preferably by the elec~
trical deposition of s layer of silver or other metal
to secure an intimate contact over the whole
surface. Leads 13 and 14 are connected to the
electrodes by soldering.

If the length of the crystal is great in compari-
sont with the width, its electrical impedance for
Irequencies up to and well above the first reso-
nance is of a simple character and corresponds
to that of the electrical circuit shown in Fig. 2,
Other resonances, representing changes in the
mede of vibration are practically eliminated if
the length is made about three times as great as
the width.

The equivalent electrical circuit, as shown in Pig,
2, comprises & parallel branch network between
terminals 13 and 14, one branch consisting of an
inductance La in series with a capacity Ca and
the other branch comprising a simpie capacity
Cp. For a guartz crystal of the type shown in
Fig. 1 the values of the elements of the equivalent
electrical circuit are given in terms of the crytal
dimensions measured in centimeters by the fol-
lowing formuls:

La==118 It Henrfes,
w .
9 —14 .
Ca=0'“89 utd 10 Farads, i.
~14
O I e,

The capacity Cp is the simple electrostatic ca~
pacity between the electrodes and its value is in-
dependent of the piezo-electric effect. Inductance
L. and capacity Ca have values depending not
only upon the crystal dimensions but also upen
its piezo-electric and elastic constants. These
elements represent the piezo-electric property of
the crystal. Csapacity Cp is 140 times as great as
capacity C. and, except ai freqguencies close to
the resonarnice 6f La and Ca, is the dominating fac-
tor in the crystal impedance.

Fig. 3 shows a typical crystal impedance charac-
teristic and also shows the effect of combining a
small inductance with the crystal. In this figure
the curves show the variation of reactance, plotted
as ordinates, with frequency, plotted as abscisses.
The heavy line curve 15 represents the imped-
ance of a crystal alone; dotted line curve 10
illustrates the impedance obtained by adding a
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2
emall inductance in series with the crystal; and
the light line curve 17 represents the impedance
ohtained with the same small inductance in paral-
lel with the crystal. The reactance of the added
inductance is represented by straight line 18.

For the crystal alone the impedance is charac-
terized by & resonance frequency fa and an anti-
resonance freguency fr» which is slightly higher.
The values of f. and f» in terms of the crystal di-
mensions are given by the following equations
which are readily obtainable from the values given
by Eguation 1:

108
L= 3587

2.
£,=1.0035%,.

The extremely small separation of the two fre-
quencies is due to the high ratio of Cp to Ca.

The addition of a small inductance in series has
the effect of moving the resonance frequency down
to a slightly lower value, indicated by fe in the
figure, introcducing a new resonance frequency fa
at a considerably higher freqguency. When the
inductance is added in parsllel the impedance ex~
hibits anti-resonances at fc and fa together with
an intermediate resonance at the original fre-
quency fa. If the added inductance is varied in
magnitude, the upper frequency fa is shifted a
large amount while the lower frequency fe is not
greatly altersd. Likewise if capacity is added in
parallel with Cu the upper {requency fa is moved
closer to the crystal resonance while the lower
frequency fe is not greatly affected.

The application of the foregoing principles to
the design of a low-pass filter of the type shown
schematically in Fig. 4 will now he considered.
In this figure a lattice type network is shown the
line branches of which contain similar crystals
Q; shunted by adjustable capacities Ca and the
lattice branches of which contain similar crystals
Qq shunted by inductances In and adjustable ca-
capeities Cs. The equivalent electrical circuit is
shown in Fig. 5 wherein the resonant circuits
T.2C2 and LsCs correspond to the crystal resonances
of Q1 and Q2 respectively, Co represents the com-
bination of Ca with the electrode capacity of crys-
tal Q1 and Ci represents the corresponding com-
binations for crystal Qa.

Tig. 6 shows certain characteristies of the filter
of Fig., 4 and illustrates the requirements that

ust be met in order that the low-pass charac-
teristic may be obtained. In this figure curves
19 and 20 represent the reactance-frequency
characteristics of the line and the lattice branches
respectively and curve 21 is a typical attenuation-
frequency characteristic. The impedance of the
line branches, comprising crystals Qu and shunt
capacities Ca, is similar to that of a crystal alone,
being characterized by a single resonance at fre-
quency f1 and a single anti-resonance frequency
f2. The effect of the added capacity is simply
to move the antiresonance frequency closer to the
resonance frequency; in general, if is desirable
that the added shunt capacity in the line branches
should be small.

The formation of a single low-pass band re-
quires that the impedance of the shunt branches
should be of opposite sign to that of the line
branches at all frequencies below the cut-off and
of the same sign at all frequencies ahbove the
cut-off. If the crystals of the lattice branches are
so proportioned as to have their piezo-electric
resonances at the frequency fz and if they are
shunted by small inductances an impedance char-
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acteristic for the Iattice branches like curve 20
can be obtained and by proper proportioning of
the inductance an anti-resonance can be pro-
duced at the frequency 71 at which the line
pranch crystals are resonant. A second anti-
resonance of the lattice branches occurs at a
higher frequency f3 which, as inspection of the
diagramm shows, becomes the filter cut-off fre-
quency.

in order that the cut-off may be sharp, it is
desirable that the crystal resonances should be
quite close to the cut-ofi frequency. From Fig.
3 it is seen that the addition of a small shunt
inductance alone to a crystal tends to place the
second anti-resonance frequency some distance
above the crystal resonance; however, as ex-
plained in connection with Fig. 3 the further addi-
tion of a shuni capacity brings this frequency
quite close to the crystal resonance without sub-
stantially affecting the position of the first anti-
resonance. By the proper choice of the shunt-
ing inductance and the shunting capacity, which,
if desired, may be made empirically with the
help of calculated impedance curves, the cut-off
frequency may ke brought as close as desired to
the crystal resonances. A further control of
the adjustment is provided by the small capac-
ities Ca shunting the line branch crystals.

In Fig. 6 the two reactance curves 19 and 20
are shown crossing at thvee points above the
cut-off frequency, the crossing frequencies being
designated by X1, X» and X, respectively. Since
the lattice corresponds to a bridge network which
is balsnced when the branch impedances are
equal, these freguencies correspond to points of
infinite attenuation and in the particular case
illustrated give rise to an attenuation character-
istic of the type shown by curve 20. Various con-
ditions are possible; for example, if the total
shunting capacity Ci in the lattice branches is
muech smaller than the corresponding capacity
Co of the line branches the curves may not cross
at all and the attenuation characteristic would
then have no peaks. This, however, would only
occur in a filter having a cut-off considerably
above the crystal resonances and would represent
a case in which the crystals contribute little to
the filter selectivity. In the type where the cut-
off is brought close to the crystal resonances by
the addition of shunt capacity to the lattice
branches there will generally be three peaks as
illustrated.

To develop explicit formule for the design of a
filter of this type, it is necessary that a sufficient
number of parameters be specified. The most
fundamental design paramters are the cut-off
frequency and the characteristic impedance at
zero frequency, but if these alone are specified
a wide range of designs is possible which vary
in respect of their attenuation characteristics
or their phase characteristics in the transmission
band. If the three frequencies of infinite attenu-
ation are specified in addition to the cut-off fre-
guency and the characteristic impedance, the
design becomes fixed and explicit formule for
the elements can be found. Such formule do
not give the crystal dimensions divectly but give
the values of the various inductances and capac-
ities indicated in Fig. 5 from which the crystal
dimensions may be computed by means of equa-
tion 1.

The following formule, which may be arrived
at by the same general procedure as is described
in my aforementioned copending application in
connection with the design of band pass filters,
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are applicable to the design of a flter in ac-
«cordance with Figs. 4 and 5: :

Z,B
L“szcD
2
L= Z,(A+D)

27f,(AB— D)
L'_ Z,(14-B)2B
P T 2rf.(AB=D)
_ 1+B
Y 9%t Z,(AF D)
_ A+D
T 2xf,Z,(1+B)
G AB—D
T rf.Z,(A+ D) D
C—_ AB—D
ST s Z,(1+B)B?

3.

&

in which:
A=a;+as+-a;,

B=aa,+ aza_s-l- asay,

C=ajasa;
X2
a,== &Tfjﬁ n=1, 2, 3,

e is the cut-off frequency, and

Zo is the characteristic impedance a zero fre-
quency.

In using these formule it may be found that
the choice of the peak frequencies X1 X2 and X3
gives rise to designs which are not physically
realizable by means of crystals due to the fact
that the capacities Co and C: are less than about
140 times the capacities C2 and Cs3 respectively.
This limits the choice of the psak frequencies, but
it is a simple matter to make g preliminary check
by computing the capacity ratios for a given
choice of peak frequencies before proceeding
with the detail calculations.
tios are given by

C__(1+B)D
C. AB—D
and 4,
C_(A+D)B2
C; AB—D

So long as these ratios exceed 140 the filter will
be physically realizable. As g general rule the
peak frequencies should be quite close to the cut-
off frequency, preferably all within two per cent,

A high-pass filter in accordance with the in-
vention is shown schematically in Fig. 7. The
same notation is used in this figure as in Fig. 4,
the difference between the two circuits being that
the added inductances Iu are connected in series
with the latice branch crystals instead of in shunt
therewith. The equivalent electrical circuit is
shown in Fig. 8 in which, as in Fig. 5, the capaci-
ties Co and Ci represent the combinations of the
added capacities Ca and Cr with the crystal elec-
trode capacities.

The effect of adding an inductance in series
with a crystal has already been described in con-
nection with Fig, 3. If the added inductance is
small the new resonance introduced by the in-
ductance may be located a frequency considerably
above the anti-resonance frequency while the
lower resonance of the combination will be very
little below the crystal resonance. The further
addition of capacity in shunt to the crystal has
the effect of bringing the upper resonance much
closer to the crystal anti-resonance without sub-

The capacity ra«

3
stantially affecting the position of the lower reso-
nance, . :

The formation of a high-pass band with 3 net-
work of the type shown in Fig. 7 is illustrated by
the eurves of Fig. 9 which show the required vari-
ation of the two branch impedances and the type
of attenuation characteristic obtained. Curve 22
corresponds to the reactance of the line branch
impedances comprising crystals Qi and shunting
capacities Ca. Curve 23 corresponds to the lat-
tice branch impedances comprising crystals Q2
shunted by capacities Cs and having inductances
Ly in series. 'The line branch impedances are
resonant at a frequency f» and anti-resonant at
a slightly higher frequency 73, The lattice branch-
€s are resonant af a frequency ji lower than f2
and are anti-resonant and resonant at frequen-
cies f2 and f3 respectively. Above f1-which is the
cut-off of the filter the impedances are always of
opposite sign indicating a transmission band,
while below f1 they are of the same sign indicating
an attenuation band. :

Below the cut-off frequency the reactance
curves cross at points corresponding to three fre-
quencies X1, Xz and X3 at which, as pointed out
in connection with Fig. 6, the attenuation of the
filter becomes infinite. This is illustrated by
-eurve 24 in-which the ordinates represent attenu-
ation. The adjustment of the crystal dimensions
and those of the associated electrical impedances 105
may be accomplished in the empirical manner
indicated in connection with the design of a low-
pass filter or the frequencies of infinite attenu-
ation may be used as design parameters for the
development of explicit design formule. As in 110
the case of the low-pass filter, the three crossing
frequencies are obtained when g relatively large
capacity is used to shunt the lattice branch crys-
tals, this also being the condition that brings all
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of the critical frequencies close to the cut-off. 115
The following formulz apply to the design of
a high-pass filter of the type shown in Figs. 7
and 8:
=0 120
L 2nf.A N
Lo ZoA?
* T 2xf.(AB—D)
L = Z,{A(1+B)— D], 125
S 2xf,AD(AB—D)
1
C=fzA : 5.
Cim A2 130
Y onf,Z A1+ B) — D]
e AB—D
2T 2rfZ,A(AT D)
Come (AB—D)D 135
Pt Z,(1F BAGT B —D]
in which:
A=ph;+ by-+ b, 140
B=b1b2+b2b3+b3bl’
D=p,b,b;,
= [ X2 __
bp=n/1— 72! n=1, 2, 3, 145

fe is the cut-off frequency, and

Zo is the characteristic impedance at infinite
irequency.

In using these formul it is generally desirable, 150
-as in the case of the low-pass filter, to make a =~
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preliminary check on the values assumed for Xi,
Xz and X3 to insure that the capacity ratios

Gy

Ez and <, ‘
have values greater than 140, this being the re-
glirement - that the circuit may be physically
realizable when crystals are used. The require-
ment is best met by placing all three of the peak
frequencies very close to the cut-off frequency.

What is claimed is:

1. A broad band wave filter network compris-
ing four impedance branches equal in pairs and
disposed to form a symmetrical lattice, one of
said pairs of branches including similar piezo-
electric crystals in combination with equal in-
ductances and the other of said branches includ-
ing similar piezo-electric crystals and having im-~
pedances adjusted with respect to the imped-
ances of the first pair of branches to provide a
single transmission band of frequencies and a
single attenuation band. ‘

2. A broad band wave filter network compris-
ing four impedance branches equal in pairs and
disposed to form a symmetrical lattice, one of
said pairs of branches comprising similar piezo-
electric erystals and equal inductances connected
in paraltel and the others of said branches in-
cluding similar piezo-electric crystals and having

Ci
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impedances proportioned with respect o the fmi-
pedances of the first pair of branches to provide
a transmission band extending from zero to a
finite frequency.

3. A wave filter in accordance with claim 2 in
which the branches including the shunting in-
ductances include also shunting capacities
whereby the filter cut-off frequency is brought
close to the resonance frequency of the shunted
crystals.

4. A broad band wave filter network compris-
ing four impedance branches equal in pairs and
disposed to form a symmetrical lattice, one of
said pairs of branches comprising similar piezo-~
electric crystals and equal inductances connected
in series and the others of said branches com-
prising similar piezo-electric crystals and having
impedances proportioned with respect to the im-
pedances of the first pair of branches to provide
a single attenuation band extending from zero
to a finite frequency and a single transmission
band.

5. A wave filter in accordance with claim 4 in
which the branches including the series induc-
tances include also capacities in shunt to the
crystals whereby the filter cut-off frequency is
brought close to the resonance frequency of the
crystals.

WARREN P. MASON.
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