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This invention relates to piezoelectric crystals 
and more particularly to crystals adapted-for use 
as impedance elements in electrical circuits. 
The principal object of the invention is to in 

5 crease the impedance of a piezoelectric crystal 
element by any desired factor. Other objects are 
to reduce the required thickness and the cost of 
high impedance crystals. 

If a piezoelectric crystal is provided with a 
10 pair of electrodes and an alternating electro 

motive force is impressed upon the electrodes 
the crystal will constitute an electrical impedance 
the magnitude of which at any given frequency 
is dependent upon the electrostatic capacitance 

15 between the electrodes and the piezoelectric and 
elastic constants of the crystal. In general, this 
impedance is directly proportional to the thick 
ness of the crystal. In order to provide very 
high impedances it is found that excessively thick 

20 crystals are required. These thick crystals are 
. comparatively expensive, due to the extra mate 

I rial required, and are diiiicult to mount satisfac 
torily. ' 

In accordance with the present invention the 
25 impedance of a given crystal element is increased 

by any desired factor by dividing or subdividing 
the electrodes and interconnecting these divi 

> sions in such a way that different portions of 
the crystal are connected in series or in series 

30 parallel combinations. In this way a compara 
tivelythin crystal may be made to provide a high - 
impedance, and the crystal may be easily mount 
ed without resort to special arrangements. Fur 
thermore, the magnitude of the impedance may 

35 be readily adjusted simply by changing the rela 
tive proportions of the electrodes. The inven 
tion is applicable to crystal elements of any piezo 
electric material adapted to vibrate either in the 
iiexural mode or in the longitudinal mode at the 

40 fundamental frequency or a harmonic frequency. 
The electrodes may be further divided so that a 
single crystal element will provide two imped- _ 
ances. By way of example a wave filter circuit 
is shown which employs the crystal as an im 

45 pedance element. - _ ' 

The nature of the invention will be more fully 
understood from the following detailed descrip 
tion and by reference to the accompanying draw 
ings, of which: ' 

50 1'18. 1 shows a piezoelectric crystal element with 
its associated electrodes; 

Fig. 2 represents the equivalent electrical cir 
cuit for the crystal element of Fig. 1; ' 

P18. 3 shows how the electrodes of Fig. 1 may 
55 be divided and portions of the crystal intercon 

nected in series to increase the impedance; 
Fig. 4 shows diagrammatically the connection 

of the diiferent portions of the crystal of Fig. 3; 

(Cl. 171-327) 
Fig. 5 shows a series-parallel connection for the 

electrodes of Fig. 3; » I 

Fig. 6 shows diagrammatically the connection 
of the various portions of the crystal of Fig. 5; 

Fig. 7 shows a preferred electrode arrangement 
when the connections are as shown in Fig. 5; 

Fig. 8 shows the development of one mode of 
- carrying out the connections of Fig. 7; 

Fig. 9 shows the electrodes of Fig. 8 divided 
along the center line in order to provide two im 
pedances; - 

Fig. 10 shows a layout for electrodes so ar 
ranged that electrical connection may be made 
through supports placed at a'nodal point; 
- Fig. 11 shows diagrammatically the circuit for 
a crystal having the electrodes shown in Fig. 10; 

Fig. 12 shows a crystal having two electrodes 
on each side adapted to vibrate at a harmonic 
frequency; 

Fig. 13 shows how the electrodes of the har 
monic crystal of Fig. 12 may be subdivided to in 
crease the impedance; and 

Fig. 14 shows a lattice-type wave ?lter which 
uses a high impedance crystal having divided 
electrodes in accordance with the'invention. 

Fig. 1 is an elevation of a piezoelectric crystal 
element I, with its associated electrodes 2 and 3 
provided with electrical terminals 6 and 5. The 
crystal element maybe cut from any piezoelec 
tric material such, for example, as quartz, and is 
preferably in the form of a rectangular plate 
having any desired orientation with respect to 
the principal axes of the mother crystal; The 
electrodes are associated with the two major faces 
and are preferably metallic coatings applied di 
rectly to the surface of the crystal. 

' When an alternating electromotive force is 
applied to the terminals 4 and 5 the crystal ele 
‘ment will offer an impedance which may be rep 
resented by the equivalent electrical circuit of 
Fig. 2 comprising a capacitance Co shunted by 
a resonant arm consisting of an inductance L 
in series with a second capacitance C. The capac 
itance Cc represents the electrostatic capacitance 
between the two electrodes 2, 3, and the values 
of L and C depend upon the piezoelectric and 
elastic constants of the crystal. 
In accordance. with the invention, the imped 
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ance of the crystal element is'increased to any > 
desired extent by dividing the electrodes and elec 
trically interconnecting the divisions. For ex 
ample, as shown in Fig. 3, the electrode 2 may 
be divided into three parts designated by their 
areas A, B and C. The other electrode 3 is di 
vided into corresponding portions A’, B’ and C’. 
The lines of division may be either longitudinal or 
transverse with respect to the face of the crystal. 
Fig. 3, therefore, may be taken as representing 
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a. an end or a side view of the crystal ele 
lt will be found that the impedance of 

I u of the crystal is equal to the imped= 
ance of the original element multiplied by the 
ratio oi the area of the undivided electrodeto 
the area of.“ the particular portion of the divided 
electrode. Thus, if the impedance of the origi= 
nal element is Z and the area of the undivided 
electrode 2 is M the impedances of the three per 
tions or" the crystal of Fig. 3 with divided elec 
trodes will be, respectively, 

M M M 

2Z5 and In Fig. 3 the three portions of the crystal are 
connected in series and therefore the total ini 
pedance is the sum of the impedances or the 
various portions, as indicated diagrammatically‘ 
in Fig. ‘i. The total impedance Z1 is therefore 

M M M . 

2142+??? (1) 
If the areas A, B and C are equal, each will be 
approximately equal to %M: and the total in - 
pedance w?l he 

M M M ,., 
21 e {,/-— +;-— +— 34:92 (2) 

‘\l 1M 1M 1M " 
“\3 3 * 3 

In general, if the original electrode is divided 
into N equal parts and all of the portions of the 
crystal are connected in series the total im 
pedance will be approximately equal to N2. The 
electrode may, of course, be divided into any 
number of parts such as 2, 3, e, N to give resulting 
impedances which are i, 9, 16 and N2 times the 
original impedance. ' ' 

When the various portions of the crystal are 
connected in series the minimum resultant im 
pedance is obtained when all of the electrodes are 
equal in area. The impedance may be further 
increased by making the area of one or more 
pairs of electrodes smaller. For example, in Fig. 
3 if the area of the electrode B is made equal 
to M/ 9 and the areas A and C are made equal, 
the resulting impedance will be 

2,: <4l+1%~+4l')z=13.5z (a) rM 5M 5M , 
On the other hand, the minimum resultant 

impedance may be decreased by connecting the 
portions of the crystal in a series-parallel ar 
rangement, as shown in Fig. 5 where the central 
portion is connected in parallel with a branch 
consisting of the two outer portions in series. 
The circuit is shown diagrammatically in Fig. 6. 
The impedance Z2 of this arrangement is given 
approximately by the expression 

If all of the areas are equal the impedance is 
approximately 

M M M 
1— 1—+1_ z 
_-M —3-M 1-,; 
M (5) 

Other values of- Z2 ranging between Z and 92 may \ 
be provided by making the areas unequal. If 

the areas of .e two electrodes and are 
kept equal _ . ii sill plifies to 

can _ B (a) 
1+ 3-. 

~ M 

In this case ii the total area ill, for example, the impedance is 
approximately ' 

LLZ 282 z, (7) 
l + to] co 

The exact formula for the case where tlQe two 
outer electrodes are equal is ‘ ' 

ZZ 
22:: 

‘However,- the approximate Formula 6 can safely 
be used in making calculations provided the ratio 
of B to M is small compared to unity. if this 
ratio is less than one-?fth, the error introduced 
in the calculated impedance Z2 by the use of the 
approximate formula will be less than h per cent. 
In the arrangement shown in Fig. 5 it will be 

noticed that the two electrodes A and r?) are 
connected together electrically, and likewise the 
electrodes B’ and (C' are connected. These elec 
trodes may, therefore, be replaced, respectively, 
by single electrodes such as D and E as shown 
in Fig. '7. if the crystal 9 is vibrating in the 
longitudinal mode there will be a node of motion 
near the center, and the crystal is preferably 
supported at this point. The two supports and 
7, located at this nodal region, are provided for 
this purpose. If the supports are of conducting 
material the terminals may be connected thereto, 
as shown. Alternatively the leads to the. ter 
minals t and 5 may be connected directly to the 
electrodes D and E by means of soft solder, vfor 
example. 1 
Fig.8 shows the development oi’ one mode of 

interconnecting theelectrodes C and A" of Fig. 5’. 
The dot-and-dash lines 8 and 9 indicate, respec 
tively, the center line of the upper face of the 
crystal plate l and the center line of the lower 
face. 
of edges of the crystal and the lines l2, l3 repre 
sent the opposite pair of edges. The electrodes 
C and A’ are electrically connected by means of 

of 2S one=ninth the. 

The dotted lines Ell, H represent one 
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the strips of plating M and I5 which extend along , 
the sides of the crystal. 
In order to make one crystal element provide 

two impedances each of the electrodes may be 
subdivided along the center line into two equal 
parts as shown in Fig. 9. The electrode D is thus 
split into the halves D1 and D2, and the electrodes 
A’, C and E are divided, respectively, into the 
parts A’1, A's, C1, C2 and E1, E2. The terminals 
51, 5 are replaced by the two sets of terminals 15, 
H and i8, RS. Sucha crystal may be used, for 
example, in a wave ?lter oi the type shown in 
Fig. 14 and described hereinafter. 
In the series arrangement of Fig. 3 it is seen 

that the terminals fl and 5 are associated with 
the diagonally'oppcsite electrodes A and C’. It 
is not possible, therefore, to support the crystal 
at a nodal point near the center and make con 
tact through the supports with the proper elec 
trodes. This di?culty is overcome by applying 
the electrodes as shown in the development of 
Fig. 10. On one side, the electrode B has been 
split along the center line into two'parts B1, B2 
and the extension Firom the electrode A inserted 
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2,194,689 
- of the electrostatic ?eld through the crystal must between the two. Likewise, on the other side, 

the extension F" of the electrode 0' has been 
inserted between the two parts 3'1, B’: of the 
electrode B‘. The crystal may now be supported 
at its center and contacts made through the 
supports to the extensions F and F’. The 
electrode_C is connected to the electrodes 3'1 and 
B’: by the side strips 20 and 2|, respectively. In 
like manner, the electrode A’ is connected to 
the electrodes B1 and B2 by the strips 22 and 23. 
In this case also all of the electrodes may be 
further subdivided along the center lines 8 and 
9, in the same manner as shown in Fig. 9, to 
provide two impedances. 
In Fig. 10 the portion of the crystal between 

the two overlapping electrodes F and F’ is con 
nected in parallel with an arm consisting of the 
other three portions of the crystal in series, as‘ 
shown in Fig. 11. The values of the four com 
ponent impedances are indicated in the ?gure and 
the total impedance Z; between terminals 4 and 
5 is given approximately by the formula 

M M M M 
z+m+o+r 

The side platings I 4 and I! in Figs. 8 and 9, 

(9) 

- and 20, 2|, 22 and 23 in Fig. 10 cause a slight de 
viation in the measured impedance as compared 
with the computed value. The magnitude of this 
deviation depends, among other factors, upon 
the thickness of vthe ‘crystal plate, but ordinarily 
does vnot amount to more than 6 or '7 per cent. 
In order to obtain more accurate impedances a 
suggested procedure is to make a trial division 
of- the electrodes according to the appropriate. 
formula. If the measured impedance is too far 
from the desired value the crystal is replated and 
the proper correction applied for a second divi 
sion. When suf?cient care is exercised it has been 
found that the desired impedance can be obtained 
by this method within 2 per cent or less. 
The invention is also applicable to crystals 

which are adapted to vibrate at a harmonic fre 
quency. For example, Fig. 12 shows a crystal 
element I with electrodes on each side divided 
transversely to form the equal electrodes G, H, 
J and K. If the electrodes J and K on the same 
side are connected together and an alternating 
electromotive force is applied at terminals 4 and 
5, the crystal will vibrate at the ?rst harmonic, 
which is approximately twice the fundamental 
frequency. Now if each electrode is further di 
vided into the equal portions G1, G2, H1, H2, J1, 
J1 and K1, K2 and these are interconnected as 
shown in Fig. 13, the original impedance of the 
crystal will be increased by a factor of four. The 
two adjacent electrodes J: and K1 may, of course, 
be replaced by a single electrode. Obviously 
other ratios of impedance may be obtained by 
changing the relative sizes of the electrodes, as I 
explained above in connection with other ?gures. ‘ 
Also, each electrode may be divided into more 
than two parts, and these may be connected in 
series or in series-parallel combinations to obtain ; 
any desired impedance ratio. Furthermore, the 
electrodes of crystals having 3,4 or (Q+l) pairs 
of electrodes and adapted to vibrate at the sec- , 
0nd, third or Qth harmonic may be subdivided 
in a similar manner to obtain the desired im 
pedance. 
In choosing the permissible combinations of 

connections for the divided electrodes it must 
be borne in mind that in every case the direction 

3 

be the same after the electrodes are divided as - 
before division. For example, in Fig. 1 the di 
rection of the ?eld at any given instant is the 
same throughout the entire crystal, and there 
fore in Figs. 3, 5 and 7 the connections are so 
made that the ?eld is unidirectional. In Fig. 12, 
however, the ?eld in the left half of the crystal 
is in the opposite direction to the ?eld in the 
right half, and in Fig. 13 the same relative di 
rections are preserved in the two halves of the 
crystal. - 

Fig. 14 shows how the high impedance crystal 
element of the invention may be used in a wave 
filter. The ?lter is of the symmetrical lattice 
type and comprises two equal line impedance 
branches and two equal diagonal impedance 
branches connected between a pair of input ter 

' minals 24, 25 and a pair of output terminals 
26, 21. Included in the line branches are the 
two equal piezoelectric crystal impedances 28, 
28, and in the diagonal branches the two equal 
crystal impedances 30, 3|. As mentioned above, 
the two impedances 28 and 29 may be furnished 
by a single crystal with the electrode layout 
shown in Fig. 9. The connections to the termi 

other two equal impedances 30 and Si may be 
supplied by individual crystal elements or by a 
second single crystal having electrodes as shown 
in Fig. 9. The terminals l6’, l1’, l8’ and I9’ 
correspond, respectively, to the terminals l6, l1, 
l8 and I9 and the connections are made as 
shown. The ?lter circuit is completed by the 
addition of two equal variable capacitances 32, 
33 in the line branches and four equal series in 
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so 

ductances 34, 35, 36 and 31 at-the ends. If _ 
the crystal elements in the line branches and in 
the diagonal branches have di?erent resonance 
frequencies and the other component reactance 
elements are properly chosen the ?lter may be 
designed to pass a band lying between two pre 
assigned frequencies while attenuating other fre 
quencies. 
What is claimed is: 
1. An impedance element comprising a piezo 

electric crystal having two oppositely disposed 
electrode surfaces, a plurality of electrodes asso 
ciated with one of said surfaces, a plurality of 
other electrodes associated with the other of said 
surfaces, two of said electrodes on opposite sides 
having overlapping portions, each ofsaid two 
electrodes also being opposed to another elec 
trode on the opposite side, means for making 
electrical connections tov said two‘ overlapping 
electrodes, and means for interconnecting the 
remaining electrodes. 

2. An impedance element in accordance with 
claim 1 in which said overlapping portions of said 
two electrodes are located at a nodal zone oi’. said 
crystal. ‘ 

3. An impedance element in accordance with 
claim 1 in which means are provided for support 
ing said'crystal at said overlapping portions of 
said two electrodes. . ' 

4. An impedanceelement in accordance with 
claim 1 in which said overlapping portions are 
located at a nodal vzone of said crystal and means 
are provided for supporting said crystal at said 
nodal zone. _ 

5. An impedance element in accordance with 
claim 1 in which said overlapping portions are 
located at the center of said crystal, supports 01' 
conducting material are provided for supporting 
said crystal at its center, and said supports serve 
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wire electrical contact with overlapping 

6. A piezoelectric device in accordance with 
claim 1 in which each of said electrodes is divided 
along a center line of said crystal and the divi 
sions of said electrodes are interconnected to 
provide two piezoelectric irnpedanoes. 

‘7. A11 impedance element comprising a piezo 
electric crystal ‘having two opoositeiy disposed 
electrode surfaces, two electrodes associated with 
one of said surfaces, two other electrodes asso 
ciated with the other of said surfaces, two of said 
elec‘rodes on opposite sides having overlapping 
portions, each of said'two electrodes also being 
opposed to the other electrode on the opposite 
side, means for making electrical connections 
to said two overlapping electrodes, and an elec 
trical connection between the remaining elec 
trodes. 

8. A piezoelectric device in accordance with 
claim '7 in which each or’ said electrodes is divid 
ed along a center line of said crystal and the 
divisions of said electrodes are interconnected to 
provide two piezoelectric impedances. 

9. An impedance element comprising a piezo 
electric crystal having two oppositely disposed 
electrode surfaces? three electrodes associated 
with one of said surfaces, three other electrodes 
associated with the other of. said surfaces, two 
of said electrodes on opposite sides having over 
lapping portions, each of said two electrodes also 
being opposed to another electrode on the op 

posite side, means for making electrical connec~ 
tions to said two overlapping electrodes, and 
means for interconnecting the remaining elece 
trodes so that the portions of said crystal asso 
ciated with said remaining electrodes are con-w 
nected in series. , - 

iii. An impedance element comprising a piezo 
electric crystal, a plurality of pairs of oppositely 
disposed electrodes associated, res ectively, with 
a plurality of diiferent portions of said crystal, 
and means for connecting one of said portions 
in parallel with a combination comprising a 
plurality of the remaining portions in series. 

11. An impedance element comprising a pieao~ 
electric crystal, three pairs or" oppositely dis 
posed electrodes associated, respectively, with 
three di?erent portions of said crystal, and means 
for connecting one of said portions in parallel 
‘with a combination comprising the remaining 
portions in series. - 

12. A piezoelectric device comprising a piezo» 
electric crystal and associated electrodes so inter 
connected that in adjacent parts of said crystal 
the electrostatic ?eld is of opposite direction 
whereby said crystal is adapted to vibrate at a 
harmonic frequency, a plurality of pairs of op- , 
positely disposed electrodes associated with one 
of said parts, and means for connecting in series 
the portions of the crystal associated with said 
plurality of. pairs of electrodes. 

JOSEPH F. BARRY. 
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