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SURFACE ACOUSTIC WAVE FILTER

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifi-
cation; matter printed in italics indicates the additions
made by reissue.

CROSS REFERENCE 10O RELATED
APPLICATIONS

[This application is a continuation of application No.
07/965,774, filed Oct. 23, 1992, now U.S. Pat. No. 5,539,
481, patented Sep. 24, 1996.] This application and appli-
cation Ser. No. 09/314,943, filed May 20, 1999 (now U.S.
Pat. No. RE 37,790), are each reissues of U.S. Pat. No.
5,631,612 (application Ser. No. 08/369,492, filed Jan. 6,
1995). This application is a continuation of application Ser
No. 09/314,943, filed May 20, 1999, now U.S. Pat. No. RE
37,390, the contents of which are heveby incorporated by
reference, which is a reissue of U.S. Pat. No. 5,631,612
(application Ser. No. 08/369,492, filed Jan. 6, 1995), which
is a continuation of application Ser. No. 07/965,774, filed
Oct. 23, 1992, now U.S. Pat. No. 5,559,481. This application
is related to application Ser. No. 09/158,074, filed Sep. 22,
1998, now U.S. Pat. No. RE 37,375, which is a reissue of
U.S. Pat. No. 5,559481.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention generally relates to surface acoustic
wave (SAW) filters, and more particularly to a ladder-type
SAW filter suitable for an RF (Radio Frequency) filter
provided i pocket and mobile telephones, such as automo-
bile phone sets and portable phones.

2. Description of the Prior Art

In Japan, an automobile phone or portable phone system
has a specification in which a transmission frequency band
1s £8.5 MHz about a center frequency of 933.5 MHz. The
rati1o of the above transmission band to the center frequency
1s approximately 2%.

Recently, SAW filters have been employed in automobile
phone or portable phone systems. It 1s required that the SAW
filters have characteristics which satisty the above specifi-
cation. More specifically, 1t 1s required that the pass band
width 1s so broad that 1) the ratio of the pass band to the
center frequency 1s equal to or greater than 2%, 2) the
insertion loss 1s small and equal to 5 dB-2 dB, and 3) the
suppression factor i1s high and equal to 20 dB-30 dB.

In order to satisiy the above requirements, SAW filters are
substituted for conventional transversal filters. Generally,
SAW eclements are so connected that a ladder-type filter
serving as a resonator 1s formed.

FIG. 1 1s an equivalent circuit of a SAW filter disclosed
in Japanese Laid-Open Patent Publication No. 52-19044. A
SAW filter 1 shown 1n FIG. 1 comprises a SAW resonator 3
in a series arm 2, and a SAW resonator 3 1n a parallel arm
4. The equivalent parallel capacitance C, of the resonator
5 1n the parallel arm 4 1s larger than the equivalent parallel
capacitance C, , of the resonator 3 1n the series arm 2.

The SAW filter 1 shown 1n FIG. 1 has a characteristic

shown 1n FIG. 2. A curve 6 shows an attenuation quantity v.
frequency characteristic of the SAW filter 1. As indicated by
arrows 7 shown 1n FIG. 2, the suppression factor increases
as the equivalent parallel capacitance C,, 1ncreases.
However, as the equivalent parallel capacitance C,5
increases, the band width decreases, as indicated by arrows
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8, and the insertion loss increases, as indicated by an arrow
9. Hence, the characteristic deteriorates, as indicated by a
broken line 10. When trying to obtain a suppression factor
equal to or larger than 20 dB, the band width 1s decreased to
that the ratio of the pass band to the center frequency 1s equal
to or smaller than 1%, and does not satisly the atoremen-
tioned specification of the 800 MHz-band radio systems.

SUMMARY OF THE INVENTION

It 1s a general object of the present invention to provide a
SAW filter in which the above disadvantages are eliminated.

A more specific object of the present invention 1s to
provide a SAW filter having a large band width, a large
suppression factor, and a small nsertion loss.

The above objects of the present mnvention are achieved
by a SAW filter comprising: a first SAW resonator (21, R1A,
R1B) having a pair of terminals and a predetermined reso-
nance frequency (1,,), the first SAW resonator being pro-
vided 1n a parallel arm (24) of the SAW f{ilter; a second SAW
resonator (23) having a pair of terminals and a predeter-
mined resonance frequency (1, ) approximately equal to the
predetermined antiresonance frequency of the first SAW
resonator (1), the second SAW resonator being provided in
a series arm (24) of the SAW filter; and an inductance
clement (25, L1) connected 1n series to the first SAW
resonator.

BRIEF DESCRIPTION OF THE DRAWINGS

Other objects, features and advantages ol the present
invention will become more apparent from the following
detailed description when read in conjunction with the
accompanying drawings, in which:

FIG. 1 1s an equivalent circuit diagram of a conventional
SAW filter;

FIG. 2 1s a graph of a characteristic of the conventional
SAW filter shown 1n FIG. 1;

FIG. 3 1s a circuit diagram of a SAW filter according to the
present 1nvention;

FIG. 4 15 a block diagram of the basic structure of a filter
circuit using a resonator;

FIGS. 5A, 5B and 5C are diagrams showing a one-
terminal-pair SAW resonator;

FIGS. 6 A and 6B are diagrams showing frequency char-
acteristics of impedance and admittance of the one-terminal-
pair SAW resonator;

FIGS. 7A to 7C are diagrams showing an immittance

characteristic of a SAW resonator and a filter characteristic
of the filter shown 1n FIG. 3 using that SAW resonator;

FIGS. 8A to 8C are diagrams showing the characteristics
of the conventional SAW filter shown 1n FIG. 1;

FIGS. 9A and 9B are diagrams showing eflects obtained
when an inductance 1s connected 1n series to a resonator:

FIGS. 10A and 10B are diagrams showing eflects

obtained when n one-terminal-pair resonators are connected
1N series;

FIGS. 11A and 11B are diagrams showing an aperture
length dependence on a parallel-arm resonator;

FIGS. 12A to 12C are diagrams showing an aperture
length dependence on a series-arm resonator;

FIG. 13 1s a circuit diagram of a SAW filter according to
a first embodiment of the present invention;

FIG. 14 1s a diagram showing a band characteristic of the
filter shown 1n FIG. 13:
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FIGS. 15A and 135B are diagrams showing elflects
obtained when an inductance 1s added to a parallel-arm
resonator;

FIG. 16 1s a plan view of the structure of the SAW filter
shown 1n FIG. 13 with a lid removed therefrom;

FIG. 17 1s a cross-sectional view taken along a line
XVII—XVII shown 1n FIG. 16;

FIG. 18 1s a diagram of a SAW filter according to a second
embodiment of the present invention;

FIG. 19 1s a diagram showing a band characteristic of the
filter shown 1n FIG. 18;

FIGS. 20A and 20B are diagrams showing eflects based
on the ratio of the aperture length of the parallel-arm
resonator to the aperture length of the series-arm resonator;

FIG. 21 1s a diagram of a SAW filter according to a third
embodiment of the present invention;

FI1G. 22 1s a diagram showing a band characteristic of the
filter shown 1n FIG. 21;

FI1G. 23 1s a diagram of a SAW filter according to a fourth
embodiment of the present invention;

FIG. 24 15 a diagram showing a band characteristic of the
filter shown 1n FIG. 23;

FIG. 25 1s a circuit diagram of a SAW filter according to
a fifth embodiment of the present invention;

FI1G. 26 1s a diagram showing a band characteristic of the
filter shown 1n FIG. 25;

FIG. 27 1s a circuit diagram of a SAW filter according to
a sixth embodiment of the present invention;

FIG. 28 1s a diagram showing a first one-terminal-pair
SAW resonator shown in FIG. 27;

FIG. 29 15 a diagram showing a band characteristic of the
filter shown 1n FIG. 27;

FI1G. 30 1s a diagram showing the influence of the reflector
setting position on the width of a rnipple;

FIG. 31 15 a plan view of the structure of the SAW filter
shown 1n FIG. 27 with a lid removed therefrom:;

FIG. 32 1s a diagram showing a variation of the first
one-terminal-pair SAW resonator shown 1n FIG. 27;

FIG. 33 15 a diagram showing another variation of the first
one-terminal-pair SAW resonator shown 1n FIG. 27;

FI1G. 34 1s a circuit diagram of a SAW filter according to
a seventh embodiment of the present invention;

FIG. 35 1s a diagram showing the relation between the
film thickness of the electrode and the ripple occurrence
position;

FIG. 36 1s a diagram showing a state in which a nipple

arising from reflectors of a parallel-arm resonator has been
dropped into a high-frequency attenuation pole;

FIGS. 37A, 37B and 37C are diagrams showing a film

thickness’ dependence on the pass band characteristic of a
resonator-type filter;

FIGS. 38A and 38B are diagrams showing the results of
an experiment concerming the film thickness’ dependence on
the 1nsertion loss and the rnipple occurrence position;

FIG. 39 1s a diagram of a {irst one-terminal-pair SAW
resonator according to an eighth embodiment of the present
invention;

FI1G. 40 1s a diagram showing a band characteristic of the
SAW filter shown 1n FIG. 39;

FIG. 41 1s a diagram showing a variation of the first
one-terminal-pair SAW resonator used 1n the eighth embodi-
ment of the present invention;
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FIG. 42 1s a plan view of a structure which realizes
inductors used 1n the filter shown 1n FIG. 13;

FIG. 43 1s a diagram of another structure which realizes
inductors used 1n the filter shown in FIG. 13;

FIG. 44 1s a circuit diagram of a SAW filter according to
an eleventh embodiment of the present invention;

FIG. 45 1s a perspective view of the SAW filter shown 1n
FIG. 44;

FIGS. 46 A and 46B are diagrams showing an immittance
characteristic ol a SAW resonator 1n which the resonance
frequency 1s higher than the anti-resonance frequency;

FIGS. 47A, 47B and 47C are diagrams showing variations
in the band characteristic of the ladder-type filter observed
when the difference between the resonance frequency and
the antiresonance frequency increases irom zero;

FIGS. 48A and 48B are diagrams showing how to mea-
sure the characteristics of the SAW resonator;

FIG. 49 1s a graph showing admittance and immittance
characteristics of SAW resonators in the series arm and the
parallel arm;

FIG. 50 1s a diagram showing the frequency dependence
on the product of bx;

FIG. 51 1s a diagram showing an equivalent circuit in
which a part of the circuit shown 1 FIG. 44 15 expressed by
means of L and C;

max‘

FIG. 52 is a diagram showing the relation between |bx
and A/T

Fs?

FIG. 53 is a diagram showing the relation between k~ and
T,

FIG. 54 1s a circuit diagram of a SAW filter according to
a twelfth embodiment of the present invention;

FIG. 55 1s a perspective view of the SAW filter shown 1n
FIG. 54;

FIG. 56 1s a diagram showing a filter characteristic of the
SAW resonator shown in FIG. 53;

FIG. 57 1s a diagram showing a characteristic obtained
when an output-side admittance of the filter shown 1n FIG.

64 1s reduced;
FIGS. 58A and 38B are circuit diagrams of unit sections;

FIGS. 59A, 59B and 39C are circuit diagrams showing
multi-connections of unit sections;

FIG. 60 1s a diagram showing a connection of two
four-terminal circuits and an interface therebetween:;

FIGS. 61A, 61B and 61C are circuit diagrams showing,
unit section connecting ways;

FIG. 62 1s a diagram showing how n unit sections are
cascaded:;

FIGS. 63A, 63B and 63C are circuit diagrams showing,
how ladder-type circuits are configured using the unit sec-

tions;
FIG. 64 is a circuit diagram of a [conventional] compara-
tive example of the SAW filter;

FIG. 65 1s a circuit diagram of a SAW filter according to
a thirteenth embodiment of the present mnvention;

FIG. 66 1s a circuit diagram of a SAW filter according to
a fourteenth embodiment of the present invention;

FIG. 67 1s a diagram showing a SAW filter according to
a fifteenth embodiment of the present invention;

FIG. 68 1s a perspective view of the SAW filter shown 1n
FIG. 57;

FIG. 69 1s a diagram showing a filter characteristic of the
filter shown 1n FIG. 68:
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FIG. 70 1s a circuit diagram of a ladder-type filter in which
SAW resonators having different resonance frequencies are
respectively provided 1n the parallel and series arms;

FIGS. 71A and 71B are diagrams showing a frequency
characteristic of the admittance of the parallel-arm resonator
and a frequency characteristic of the impedance of the
series-arm resonator;

FI1G. 72 1s a circuit diagram of a wave filter according to
a sixteenth embodiment of the present invention;

FI1G. 73 1s a Smith’s chart of the wave filter shown 1n FIG.
72;

FIG. 74 1s a circuit diagram of a wave filter according to
a seventeenth embodiment of the present invention;

FIG. 75 1s a Smith’s chart of the wave filter shown 1n FIG.
74;

FIG. 76 1s a circuit diagram of a wave filter according to
an eighteenth embodiment of the present invention;

FI1G. 77 1s a Smith’s chart of the wave filter shown 1n FIG.
76;

FIG. 78 1s a circuit diagram of a wave filter according to
a nineteenth embodiment of the present invention; and

FIG. 79 1s a Smith’s chart of the wave filter shown 1n FIG.
78.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

FIG. 3 shows an overview of a SAW filter 20 according
to the present mmvention. The SAW filter 20 comprises a first
SAW resonator 21 having a pair of terminals, a parallel arm
22, a second SAW resonator 23 having a pair of terminals,
a series arm 24, and an inductor 25. The first resonator 21
connected to the parallel arm 22 has a predetermined reso-
nance frequency 1 . The second resonator 21 connected to
the series arm 24 has a predetermined resonance frequency
f,; approximately equal to an antiresonance frequency t,  of
the first resonator 21. The inductor 23 1s connected 1n series
to the first resonator 21, and provided 1n the parallel arm 22.

The principle of the SAW filter 20 will now be described.
Use of 1image parameters 1s convenient to verily whether or
not a resonance circuit has a filter characteristic. The details
of 1mage parameters are described in the following docu-
ment: Yanagisawa et al., “Theory and Design of Filters”,
Sanpo Shuppan, Electronics Sensho, pp. 192—pp. 203, 1974,

First of all, a basic ladder-type circuit having a filter
characteristic will be described with reference to FIG. 4.
Two black boxes 30 and 31 shown 1n FIG. 4 are respectively
SAW resonators. For the sake of simplicity, it will now be
assumed that the SAW resonators 30 and 31 are respectively
reactance circuits having no resistance, and that the imped-
ance Z of the resonator 30 provided in the series arm 1s equal
to 1x, and the admittance Y of the resonator 31 provided in
the parallel arm 1s equal to 1b.

According to the image parameter method, an 1mage
transfer quantity v (a complex number) defined in the
following equation has the important meaning:

exp(y) =/ Vi / V2 Lo ()

where V, and I, denote an mput voltage and an input
current, respectively, and V, and I, denote an output voltage

5

10

15

20

25

30

35

40

45

50

55

60

65

6

and an output current, respectively. The equation (1) can be
rewritten as follows:

tanh(y) = tanh(a + j3) 2)

=V(B-C)/(A-D)

where A, B, C and D denote parameters of an F matrix
showing the whole circuit shown 1n FIG. 4. When the value
expressed by the equation (2) 1s an 1maginary number, the
two-terminal-pair circuit shown in FIG. 4 has a pass band
characteristic. With the above value being a real number, the
circuit shown 1n FIG. 4 has an attenuation characteristic. The
ABCD parameters can be rewritten using the above-
mentioned x and b:

A=1
B=jx
C=ijb
D=1-bx (3).

Hence, the following equation (4) can be obtained from the
equation (2) using the above ABCD parameters:

tanh(y) = Vbx/(bx—1) . 4)

When O<bx<1, that 1s, when b and x have the same sign and
are small values, the entire circuit shown in FIG. 4 has a pass
band characteristic. When bx<0 or bx>1, that 1s, when the b
and x have different signs or the product of bx 1s a large
value, the circuit shown i1n FIG. 4 has an attenuation
characteristic.

In order to qualitatively understand the frequency char-
acteristics of b and x, the impedance and admittance of the
SAW resonators will not be considered.

As shown 1 FIG. 5A, a SAW resonator having pair of
terminals comprises an interdigital electrode 40 (see “Nikkel
Electronics”, November 29, pp.76-—pp.98, 1976). A refer-
ence number 41 indicates a pair of electrodes, 42 indicates
an aperture length (crossing width), and 43 indicates an
interdigital electrode period. When the resistance of the
interdigital electrode 40 1s neglected, the SAW resonator
shown 1n FIG. SA has an equivalent circuit 45 shown 1n FIG.
8B, in which C, denotes the electrostatic capacitance of the
interdigital electrode 40, C, and L., denote equivalent con-
stants. Hereinatter, the equivalent circuit 45 1s depicted by
symbol 46 shown in FIG. 5C.

FIGS. 6A and 6B qualitatively show an impedance vs.
frequency characteristic (A) of the equivalent circuit shown
in FIG. 3B, and an admittance vs. frequency characteristic
(B) thereol. The characteristics shown in FIGS. 6 A and 6B
are double resonance characteristics in which two resonance
frequencies 1, and 1, exist. It will be noted that a resonator
having a crystal has a double resonance characteristic. When
the resonators respectively having a double resonance char-
acteristic are arranged i1n the series and parallel arms,
respectively, and an antiresonace frequency 1, of the par-
allel arm 1s made approximately equal to a resonance
frequency 1 _ of the series arm, a circuit can be configured
which has a band-pass-type filter characteristic having the
center frequencies f_, and f, .. This 1s because, as shown 1n
an 1mmittance vs. Ifrequency characteristic shown in FIG.
7A, the relation O<bx<] 1s satisfied 1n a frequency range
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around the center frequency 1, ~t  and that frequency range
1s a pass band, while the relation bx>1 1s satisifed 1 a
frequency range slightly away from the center frequency and
the relation bx<0 1s satisfied 1n a frequency range far away
from the center frequency, the latter two frequency ranges
serving as attenuation bands. Hence, the SAW f{ilter shown
in FIG. 4 has a qualitative filter charateristic 47 shown 1n
FIG. 7B.

A description will now be given of the factors that
determine the band width 1n the resonator-type SAW f{ilters.
As 1s seen from FIGS. 7A and 7B, the band width 1s mainly
dependent on the difference between the resonance Ire-
quency 1, and the antiresonance frequency 1, of each of the
two resonators. The band width increases as the above
difference increases, while the band width decreases as the
difference decreases. The resonance frequency 1. and the
antiresonance frequency I, can be determined using the

following equations, using the equivalent circuit constants
shown 1n FIG. 5B:

f=1/[2-7v(C, xLy) | (3)
£, =f-vV(1+1/7 (6)
r=Co/Cy (7)

where T denotes the capacitance ratio. The ratio of the pass
band to the center frequency (A1/f ) 1s mainly dependent on
the difference between t. and t , and 1s therefore expressed
in the following expression, using the equations (6) and (7):

AFE,=2(f,~F)/(E4£)=2/(dT+1) (8).

It can be seen from the equation (8) that the capacitance
ratio T 1s the main factor which determines the ratio of the
pass band to the center frequency. However, as set forth in
Japanese Laid-Open Patent Publication No. 52-19044, the
capacitance ratio 1s much dependent on the type of substrate
material used for the interdigital electrode. For example, an
ST-cut crystal having a small electromechanical coupling
coellicient has a capacitance ratio T equal to or greater than
1300, while a 36° Y-cut X-propagation LiTaO, substrate
having a large electromechanical coupling coeflicient has a
capacitance ratio T of approximately 15. The ratio of the pass
band to the center frequency 1s 0.04% for ST-cut crystal, and
3.3% {for the 36° Y-cut X-propagation Li1TaO, substrate.
Hence, the band width 1s much dependent on the substrate
material.

The band width decreases as the equivalent parallel
capacitance C 5 increases in order to improve the side lobe
suppression factor according to Japanese Laid-Open Patent
Publication No. 52-19044.

The above phenomenon will now be described with
reference to FIGS. 8A, 8B and 8C. As 1s seen from the
previous description of the principle of the present
invention, as the admittance value increases while f and t_
of the parallel resonator (see, FI1G. 8C) are kept constant, the
product of bx has a negative sign and increases, as shown in
FIG. 8A. However, the bx product increases around the
center frequency, and hence the range of bx>1 increases.
Hence, the pass band 1n which the relation O<bx<1 stands 1s
narrowed, and a suflicient pass band cannot be obtained.
This phenomenon 1s indicated by arrows 1n FIG. 8B.

The following two conditions must be satisfied 1 order to
climinate the above disadvantages. The first condition 1s to
increase the difference between the resonance frequency f.
and the antiresonance frequency {, in at least one of the
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resonators provided 1n the series and parallel arms (see FIG.
8C). The second condition 1s to increase either the 1imped-
ance or admittance of the above-mentioned one of the
resonators. As the impedance or admittance increases, the
side lobe attenuation quantity increases. When the above
two conditions awe satisfied, the side lobe attenuation quan-
tity can be improved while the pass band 1s improved or
prevented irom being narrowed.

Regarding the first condition, 1t 1s effective to provide an
inductor L connected 1n series to a SAW resonator having a
pair of terminals 1n order to increase the difference between
t and 1 . FIGS. 9A and 9B respectively show an impedance
vs. Irequency characteristic of a SAW filter in which an
inductor having an inductance of 8 nH 1s connected to a
resonator, and an admittance vs. frequency characteristic
thereof. The parameters of the equivalent circuits of the
SAW resonators used for obtaining the characteristics are
illustrated 1n FIGS. 9A and 9B.

FIG. 9A shows an impedance characteristic curve 50
obtained before the inductor L 1s connected to the resonator,
and an 1impedance characteristic curve 31 obtained after the
inductor 1s connected thereto. FIG. 9B shows an admittance
characteristic curve 52 obtained before the inductor L 1is
connected to the resonator, and an admittance characteristic
curve 33 obtained after the inductor L 1s connected thereto.

It can be seen from FIG. 9A that the inductance L
increases the distance between the resonance frequency 1,
and the antiresonance frequency 1 . In the graph of FIG. 9A,
the distance 1s increased by approximately 30 MHz. This 1s
because, as shown 1n FIG. 9A, the inductance L functions to
shift the impedance characteristic curve of the original
resonator upwards to the plus side by wL, and hence the
resonance frequency 1. changes to f' In this case, the
antiresonance Irequency 1, has little variation. The
admittance, which 1s the reciprocal of the impedance,
changes, as shown 1n FIG. 9B. In this case, the resonance
frequency 1, changes to 1.

Regarding the aforementioned second condition, the
admittance value increases due to the inductance L, as
shown 1n FIG. 9B. However, as shown in FIG. 9A, the
impedance value decreases 1n frequencies outside of the pass
band. Hence, i the inductance L 1s added to the resonator
provided 1n the series arm, 1t 1s necessary to provide an
additional means for increasing the impedance value. The
above additional means 1s, for example, an arrangement 1n
which a plurality of identical SAW resonators are connected
in series to each other (cascaded).

FIGS. 10A and 10B show an impedance characteristic
curve 36 ol a resonance arrangement in which n identical
SAW resonators, each having a pair of terminals, are cas-
caded. As shown in FIGS. 10A and 10B, the impedance
value of the resonance arrangement having the n cascaded
resonators 1s n times that of the single resonator. The
resonance frequency of the resonator with the inductor L
connected thereto 1s 1". That 1s, the difference between 1"
and t of the resonance arrangement with the inductor L
connected thereto 1s slightly smaller than the difference
between 1! and 1, of a single resonator with the inductor L
connected thereto. However, the difference between 1" and
f of the resonance arrangement with the inductor L. con-
nected thereto 1s larger than that without the inductor L. It 1s
possible to further increase the difference between the
resonance irequency and the antiresonance frequency by
using a larger mductance L.

In order to increase the band width, 1t 1s also possible to
select the antiresonance frequency f,, of the parallel arm
resonator and the resonance frequency 1, of the series arm
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resonator so that t >t . In this case, the condition bx<0
occurs around the center frequency, and hence the afore-
mentioned pass band condition 1s not satisfied. Hence, there
1s a possibility that an insertion loss and a nipple may
increase. However, by controlling Af=1, —f_ . it 1s possible

Vs aps

to substantially suppress the increase in the insertion loss
and the ripple and to expand the increase 1n the pass band.

A description will now be given of embodiments of the
present invention. The embodiments which will be
described are based on a simulation. Hence, this simulation
will be described first, as well as the results of comparisons
between the experimental results and the stmulation in order
to show the validity of the simulation.

The equivalent circuit shown 1 FIG. 5B easily simulates
the characteristic of the SAW resonator having a pair of
terminals, while that equivalent circuit 1s not suitable for
simulating, with high accuracy, variations in the number of
figure pairs, the aperture length and the electrode thickness,
and the eflects of a reflector. With the above 1n mind, the
inventors have proposed an improved simulation which uses
a Smith’s equivalent circuit model and expands a transfer
matrix to analyze the SAW resonators (see O. Ikata et al.,
“1990 ULTRASONIC SYMPOSIUM Proceedings, vol. 1,
pp.83—pp.86, 1990; the disclosure of which 1s hereby 1ncor-
porated by reference).

FIG. 11A 1s a graph showing the results of the simulation
(calculation) for an arrangement in which a SAW resonator
having a pair of terminals 1s disposed in the parallel arm.
FIG. 11B 1s a graph showing the results of the experiment on
an arrangement in which a one-terminal-pair SAW resonator
including an interdigital electrode made of Al-2% Cu and
having a film thickness of 1600 A is disposed in a parallel
arm, and bonding wires (L=1.5 nH) having a length of 3 mm
are connected to the interdigital electrode. It can be seen
from FIGS. 11A and 11B that the calculation values match
the experiment values With respect to variations in the
resonance points (I,,, 1., I ;) as well as the attenuation
quantities observed around the resonance points for different
aperture lengths (a=60, 150, 300 um).

FIG. 12A 15 a graph showing the results of the simulation
for an arrangement 1n which a SAW resonator having a pair
of terminals 1s disposed 1n the series arm (see, FIG. 12C).
The bonding pads used in the experiment which will be
described later were slightly large, and the simulation was
carried out taking into account a stray capacitance 0.5 pF of
the bonding pads. FIG. 12B 1s a graph showing the results
of the experiment on an arrangement i which a SAW
resonator having a pair of terminals 1s disposed in the series
arm. It can be seen from FIGS. 12A, 12B and 12C that the
antiresonance frequencies {_,, T , and f , do not depend on
the aperture length and that the simulation results match the
experimental results regarding variations in the attenuation
quantity around the resonance frequencies.

Hence, 1t will be apparent from the above that the results
of a simulation of the filter with the combination of the
resonators disposed 1n the parallel and series arms match the
results of the experiment. The embodiments described
below are based on the result of simulations.

FIG. 13 shows a SAW filter 60 according to a first
embodiment of the present invention. In Japan, an automo-
bile and portable telephone system has a specification in
which the £8.5 MHz range about a center frequency of 933.5
MHz 1s a transmission band for mobile telephones and the
+8.5 MHz range about a center frequency of 878.5 MHz
separated from 933.5 MHz by -55 MHz is a [reception]
rejection band. The SAW filter 60 according to the first
embodiment of the present invention i1s designed to be
suitable for transmission filters of mobile telephones.
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As shown 1 FIG. 13, two one-terminal-pair SAW reso-
nators R2 and R4 are arranged 1n a series arm 61, and three
one-terminal-pair SAW resonators R1, R3 and R5 are
respectively arranged 1n parallel arms 62, 63 and 64. Induc-
tors L1, L2 and L3 are provided 1n the parallel arms 62, 63
and 64, and are connected 1n series to the resonators R1, R3
and R5, respectively. Each of the resonators R1-R5 has the
interdigital electrode structure shown 1n FIG. 5A. The num-
ber of finger pairs 1s 100, and the aperture length 1s 80 um.
The electrodes are made of Al-2% Cu, and are 3000 A thick.
The resonance frequencies of the resonators R1, R3 and RS
respectively provided 1n the parallel arms 62, 63 and 64 are
912 MHz, and the antiresonance frequencies thereof are 934
MHz. The resonance frequencies of the resonators R2 and
R4 respectively provided in the series arm 61 are 934 MHz,
and the antiresonance frequencies thereof are 962 MHz. The
inductors L1, .2 and L3 respectively have an inductance L
of 4 nH.

The SAW filter 60 having the above structure has a band
characteristic indicated by a curve 65 shown i FIG. 14.
Characteristic curves 66 and 67 1n FIG. 14 are respectively
obtained when the inductance L 1s equal to 2 nH and 6 nH.

A curve 70 shown 1n FIG. 15A 1llustrates the inductance’
dependence on the band width obtained on the basis of the
graphs of FIG. 14. The band width 1s defined as the
frequency width between the points on the curve where the
insertion loss 1s 3 dB greater than the minimum value.

A curve 71 shown in FIG. 15B illustrates a side lobe
suppression factor’ dependence on the inductance obtained
on the basis of the graphs of FIG. 14. It can be seen from
FIG. 14 that a sutlicient suppression factor 1s not obtained at
a frequency which 1s 35 MHz lower than the center fre-
quency when the inductance L 1s too large. With the above
in mind, an inductance L of 4 nH 1s selected. The value of
the inductance L 1s suitable selected in accordance with the
specification of filters.

A curve 68 1n FIG. 14 shows a band characteristic of a
configuration in which L1=[.2=1.3=0 1n FIG. 13. It can be
seen Irom comparison between the band characteristic
(curve 65) of the first embodiment and that (curve 68) of the
conventional filter that the filter 60 according to the first
embodiment has a large pass band width (arrow 75), a large
side lobe suppression factor (arrows 76), and a low 1nsertion

loss (arrow 77).
FIGS. 16 and 17 show a SAW filter device 80 which

functions as the SAW filter 60 shown in FIG. 13. The SAW
filter device 80 comprises a ceramic package 81, a filter chip

82, and a lid 83 serving as the ground. The ceramic package
81 1s made of alumina ceramics, and has dimensions of 5.5
mm (length)x4 mm (width)x1.5 mm (height). Electrode
terminals 84_,—84_. made of Au are formed on the ceramic
package 81. The filter chip 82 1s made of Li1TaO;, and has

dimensions of 2 mm (length)x1.55 mm (width)x0.5 mm
(thickness).

Resonators R1-R5 are arranged on the filter chip 82 so
that each of the resonators R1-RS does not own propagation
paths 1n common with other resonators. Each of the reso-
nators R1-R5 has an interdigital electrode made of Al-2%
Cu 1n which the number of finger pairs 1s 100, the aperture
length is 80 um, and the film thickness is 3000 A.

Further, two signal line terminals 85_, and 835_, for
bonding and three ground terminals 85_;, 85_, and 85_; for
bonding are formed on the surface of the filter chip 82.
Reference numbers 86_,—86_. indicate bonding wires made
of Al or Au. The bonding wires 86_,-86_., cach having a
diameter of 25 ume, connects the terminals 84_,—84_. and
the terminals 85_,—85_.. The bonding wires 86_, and 86_,
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respectively form parts; of the series arms 61a and 61b. The
wire 86_, 1s connected between the ground electrode termi-
nals 84_, and 85_;, and the wire 86_, 1s connected between
the ground electrode terminal 84_, and 85_,. The wire 86_-
1s connected between the ground electrode terminals 84_.
and 85_.. The wires 86_,-86_. are long and, for example,
2.0 mm long.

According to the theory of high frequencies, a fine, long
wire has an inductance component. According to the theo-
retical equation of a ribbon inductor located in a space (see
Kuraishi, “Exercise Microwave Circuit”, Tokyo Denki
Daigaku Shuppan-Kyoku, pp. 199), the inductances of the
wires 86_,, 86_, and 86_. are approximately equal to 1 nH.
[It] If the high attenuation and wide pass band are needed,
it 1s isuthicient to obtain an inductance of 4 nH by means of
only the wires. As will be described later, inductors are
formed on the ceramic package 81 and the filter chip 82. In
this manner, the inductors [.1, .2 and [.3 are formed.

A description will now be given of a SAW filter according
to a second embodiment of the present invention. FIG. 18
shows a SAW filter 90 according to the second embodiment
of the present invention. In FIG. 18, parts that are the same
as parts shown 1n the previously described figures are given
the same reference numbers. The resonator R2 1n the series
arm 61 has an aperture length As of 80 um. A resonator and
the inductor L1 connected in series to each other are
provided in the parallel arm 62. The resonator R1A has an
aperture length Ap of 120 um. The aperture length Ap 1s
larger than the aperture length As, being 1.5 times the
aperture length As. The numbers Np and Ns of finger pairs

ol the resonators R2 and R1A are 100.

The filter 90 shown 1n FIG. 19 has a band characteristic
indicated by a curve 91 shown 1 FIG. 19. It can be seen
from comparison between the curve 91 and the characteristic
curve 65 of the filter 60 that the filter 90 has an improved
side lobe suppression factor without a change 1n the pass
band width.

FIGS. 20A and 20B show a band characteristic’ depen-
dence on the aperture length 1n the filter shown 1n FIG. 18.
More particularly, FIG. 20A shows a curve 92 indicating the
dependence on the aperture length with an inductance L of
4 nH connected to the resonator, and a curve 93 indicating
the dependence on the aperture length without any induc-
tance. The horizontal axis of FIG. 20A denotes the ratio
Ap/As, and the vertical axis thereol denotes the side lobe
suppression factor (dB). FIG. 20B shows a pass band width
s the ratio Ap/As characteristic. A curve 95 indicates the
dependence on inductance with an inductance L of 4 nH
connected to the resonator, and a curve 96 indicates the
dependence on inductance without any inductance.

The following can be seen from FIGS. 20A and 20B.
First, the side lobe suppression factor increases when mak-
ing the aperture length Ap of the resonator R1A 1n the
parallel arm 62 larger than the aperture length As of the
resonator R2 1n the series arm 61. Second, the eflect of the
aperture length Ap of the resonator R1A 1s increased without
deterioration of the pass band width by providing the
inductor L1 in the parallel arm 62. It can be seen from the
above that the filter 90 has an improved side lobe suppres-
sion factor while the pass band width i1s not narrowed, as
compared to the filter 60.

A description will now be given of a third embodiment of
the present mvention with reference to FIG. 21, 1n which
parts that are the same as parts shown in the previously
described figures are given the same reference numbers. A
SAW filter 100 shown in FIG. 21 comprises a resonator R1B

provided in the parallel arm 62, and the resonator R2
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provided in the series arm 61. The number Ns of finger pairs
of the resonator R2 1s 100. The inductor L1 1s connected 1n
series of the resonator R1B. The number Np of finger pairs
of the resonator R1B 1s 150, and 1s 1.5 times the number Ns
of finger pairs. The aperture lengths As and Ap of the
resonators R2 and R1A are 80 um.

The filter 100 shown 1n FIG. 21 has a band characteristic
indicated by a curve 101 shown in FIG. 22. It can be seen
from comparison between the band characteristic curve 65
of the filter 60 and the characteristic curve 101 of the filter
100 that the filter 100 has an 1improved side lobe suppression
factor indicated by arrows 102 without reducing the pass
band width. It can also be seen from comparison between the
band characteristic curve 91 of the filter 90 and the charac-
teristic curve 101 that the insertion loss of the filter 100 1s
less than that of the filter 90. Hence, the filter 100 has an
improved side lobe suppression factor while the pass band
width 1s reduced, and has an 1nsertion loss smaller than that
of the filter 90.

A description will now be given of a fourth embodiment
of the present invention with reference to FIG. 23, in which
parts that are the same as parts shown in the previously
described figures are given the same reference numbers. A
filter 110 according to the fourth embodiment 1s intended to
increase the difference between the resonance frequency 1,
and the antiresonance frequency 1, of the resonator in the
series arm and to thereby improve the band characteristic.
Two 1dentical resonators R2 are provided in the series arm
61, and two 1dentical resonators R4 are provided therein. An
inductor Ls having an inductance of 3 nH 1s connected 1n
series to the resonators R2, and another inductor Ls having
an mnductance of 3 nH 1s connected 1n series to the resonators
R4. The resonators R1, R3 and RS are respectively provided
in the parallel arms 62, 63 and 64. The filter 110 has a band
characteristic indicated by a curve 111 shown in FIG. 24.

A description will now be given of the effects provided by
adding one inductor Ls and two resonators R2 and R4. When
one inductor Ls and two resonators R2 and R4 are omatted
from the filter 110, the remaining circuit configuration
consists of five resonators R1, R2, R3, R4 and RS5. The band
characteristic of the remaining circuit configuration 1s indi-
cated by a curve 68 (see FIG. 14). By adding one inductor
Ls, the pass band width 1s increased, as indicated by arrows
112 and the side lobe suppression factor 1s also increased, as
indicated by arrows 113. Particularly, the pass band width 1s
large at frequencies higher than the center frequency, and 1s
increased by approximately 15 MHz. The band character-
istic with the mductor Ls added to the conventional filter 1
1s 1ndicated by curve 114. In this case, a suflicient side lobe
suppression factor 1s not obtained. Hence, two resonators R2
and R4 are further added to the conventional filter 1 with the
inductor Ls added thereto. As indicated by arrows 115, the
side lobe suppression factor 1s improved by approximately 5
dB without reducing the band characteristic, and a band
characteristic curve 111 can be obtained. It can be seen from
comparison between the curves 111 and 68 that the 1insertion
loss 1s also improved, as indicated by arrows 116. It is
possible to use more than two resonators R2 and more than
two resonators R4. Further, as indicated by the two-dot
chained line 1n FIG. 23, imnductors can be provided in the
parallel arms 62—64.

A description will now be given of a fifth embodiment of
the present mvention with reference to FIG. 25, in which
parts that are the same as parts shown in the previously
described figures are given the same reference numbers. A
SAW filter 120 shown 1n FIG. 25 comprises five resonators

R1-RS5, and three inductors [.L1-1.3. The inductor L1 in the




US RE40,036 E

13

parallel arm 62 has an inductance Lpl of 4 nH, and the
inductor L2 1n the parallel arm 63 has an inductance Lp2 of
5.5 nH. Further, the inductor L3 in the parallel arm 64 has
an mductance Lp3 of 7 nH.

By making the inductors L1, L2 and L3 have diflerent
inductance values, the filter 120 has a band characteristic
indicated by a curve 121 shown 1n FIG. 26. Let us compare
the characteristic curve 121 with the characteristic curve 65
(FIG. 14) of the filter 60 shown 1n FIG. 13 in which all the
inductance values are the same as each other. It can be seen
from the above that the filter 120 has an improved side lobe
characteristic without reducing the pass band width, as
compared to the filter 60. The characteristic curve has an
attenuation pole 123 located around a frequency of 902
MHz, while the characteristic curve 121 has two attenuation
poles 124 and 125 respectively located around 875 MHz and
892 MHz. A frequency band 126 between the poles 124 and
125 functions as a blocking range 127.

A description will now be given of a sixth embodiment of
the present imnvention with reference to FIG. 27, in which
parts that are the same as parts shown in the previously
described figures are given the same reference numbers. A
SAW filter 130 shown i FIG. 27 comprises two SAW
resonators R2 and R4 provided in the series arm 61, and
three SAW resonators R1B, R3B and RSB respectively
provided 1n the parallel arms 63 and 64.

As shown 1n FIG. 28, the resonator R1B has an exciting
interdigital electrode 131, and reflectors 132 and 133 respec-
tively disposed on both sides of the electrode 131. The
reflectors 132 and 133 are positioned so that p=0.4 1n which
3 1s obtained from the following equation:

d=(n+p)- A

where d 1s the distance between the center of the electrode
131 and each of the reflectors 132 and 133, n 1s an arbitrary
integer, {3 1s a real number equal to or less than 1, and A 1s
the period of the mterdigital electrode 131 corresponding to
its resonance frequency.

The number of finger pairs of each of the reflectors 132
and 133 1s 50. The resonators respectively equipped with the
reflectors are indicated by the symbol “*” shown in FIG. 27.
The resonators R3B and RSB respectively provided 1n the
parallel arms 63 and 64 respectively have two reflectors in
the same manner as the resonator R1B.

The filter 130 shown 1n FIG. 27 has a band characteristic
indicated by a curve 134 shown 1n FIG. 29. As compared to
the characteristic curve 85 of the filter 80 (FIG. 13), the
insertion loss in the filter 130 1s improved, as indicated by
an arrow 135. Aripple r, arises from the arrangement of the
reflectors 132 and 133.

A description will now be given of the reason why the
reflectors 132 and 133 are arranged 1n the above-mentioned
manner. The influence ot the ripple r, observed when 5 1s
changed from O to 0.5 1s illustrated by a curve 140 shown 1n
FIG. 30. The smallest ripple width can be obtained at a point

141 at which 3 1s 0.4.

FIG. 31 shows a SAW filter device 150 functioming as the
filter 130 shown 1n FIG. 27. In FIG. 31, parts that are the
same as parts shown 1n the previously described figures are
given the same reference numbers as previously. The filter

device 150 comprises reflectors 132, 133, 151, 152, 153 and
154.

Variations of the one-terminal-pair SAW resonators R1B,
R3B and RSB will now be described.

FIG. 32 shows a first variation R1Ba, which comprises
interdigital electrodes 180 and respectively arranged on both
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sides of the exciting interdigital electrode 131. Each of the
interdigital electrodes 180 and 181, which functions as a
reflector, 1s an electrode 1n which the electric load thereof 1s
ol a short-circuit type.

FIG. 33 shows a second variation R1Bb, which comprises
strip array type electrodes 167 and 166 respectively arranged
on both sides of the electrode 131.

A description will now be given of a seventh embodiment
of the present invention with reference to FIG. 34, in which
parts that are the same as parts shown in the previously
described figures are given the same reference numbers. A
SAW filter 170 shown in FIG. 34 comprises two SAW
resonators R2 and two resonators R4 respectively provided
in the series arm 61, and three SAW resonators R1B, R3B
and R5B respectively provided in the parallel arms 62, 63
and 64. Two mductors Ls are provided in the series arm 61,
as shown in FIG. 34.

The filter 170 1s obtained by replacing the resonators R1,
R3 and RS shown 1n FIG. 23 with the resonators R1B, R3B
and RSB shown in FIG. 28. As has been described
previously, the reflectors 132 and 133 shown 1n FIG. 28 are
positioned so that the condition 3=0.4 1s satisfied. The filter
170 has a loss of the pass band smaller than that of the filter
110 shown 1n FIG. 23, and a suppressed ripple.

A description will now be given of an eighth embodiment
of the present invention, which 1s intended to eliminate the
ripple r, shown m FIG. 29. First of all, a means for
effectively eliminating the ripple r, arising from the reflec-
tors will be described.

The inventors simulated the relationship between the
frequencies at which the ripple r, 1s observed and the
clectrode thickness. In the simulation, the eflects resulting
from increasing the film thickness of the electrode are
replaced by increasing the ratio between the acoustic imped-
ance (7 ) obtained under the electrode and the acoustic
impedance (7Z_) of the free surface. As described 1n the
aforementioned Ikata document, an increase 1n the electrode
thickness increases the weight thereof. Hence, 1t 1s possible
to consider that an increase 1n the electrode thickness 1s
proportional to an increase 1n a discontinuous quantity of the
acoustic impedance. With the above 1mn mind, the following
equation was prepared:

Q=7_/7 =V _/V =1+k*/2+al(t) (9)

where V_and V, respectively denote sound velocities on the
free surface and under the electrode, k* is the electrome-
chanical coupling coeflicient, and t 1s the film thickness of
the electrode. Then a(t) was changed as a parameter pro-
portional to the film thickness t.

From the equation (9), the center frequency 1 of the filter
1s written as follows:

f =2f '/(1+Q) (10).

The equation (10) 1s consistent with the well-known experi-
mental result 1n which, as the film thickness increases, the
center frequency decreases from the center frequency {1
obtained when there 1s no discontinuity of the acoustic
impedance. The results of the simulation show that, as o.(t)
increases, that 1s, the film thickness increases, the frequency
position at which the ripple r, appears shits toward the
high-frequency range of the pass band, as indicated by an
arrow 180 shown 1 FIG. 35, and finally drops into the
attenuation pole on the high-frequency side of the pass band.
It will be noted that a ripple r, shown i FIG. 35 1s caused
by the retlectors of the resonators provided 1n the series arm.
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FIG. 36 shows an attenuation quantity vs. frequency
characteristic obtained when a.(t)=0.05. A ripple resulting
from the reflectors of the resonators in the parallel arms 1s
located 1n the attenuation pole on the high-frequency side of
the pass band. That 1s, there 1s no ripple 1n the pass band. In
addition, the graph of FIG. 36 shows that the nsertion loss
1s very small. In FIG. 36, the resonance frequencies of the
resonators in the parallel and series arms are calibrated so
that they are located at the frequency position which 1s 15
MHz higher than the original frequency position in order to
obtain a center frequency of 932 MHz, because the center
frequency of the pass band decreases according to the
equation (10).

The mventors fabricated chips and measured the band
characteristic thereol i order to study the relation to the
actual film thickness.

FIGS. 37A, 37B and 37C respectively show band char-
acteristic curves 185, 186 and 187 for film thicknesses of
2000 A, 3000 A and 4000 A. In practice, the center
frequency 1s varied by changing the film thickness. The
graphs of FIGS. 37A, 37B and 37C have been calibrated by
changing the period of the interdigital electrode.

A ripple r, resulting from the resonators in the parallel
arms 1s superimposed on the characteristic curve 185 for a
film thickness of 2000 A. As the film thickness increases, the
ripple r, shifts to higher frequencies. The experimental
results shown 1n FIGS. 37A, 37B and 37C are consistent
with the aforementioned results of the simulation.

However, an insertion loss arising from a bulk wave,
which cannot be calculated by simulation, and a resistance
loss appear as the film thickness increases (see Ebata et al.,
“SURFACE ACOUSTIC WAVE RESONATOR ON LiTaO,
SUBSTRATE AND ITS APPLICATION TO OSCILLA-
TORS FOR USE IN VTR”, Journal of the Institute of
Electronics and Communication Engineers of Japan, vol.
J166-C, No.1, pp.23—pp.30, 1988). Further, the correlation
between the above insertion loss and the resistance loss 1s
also a very important factor.

FIG. 38 A shows a curve 190 of the insertion loss resulting,
from the bulk wave, and a resistance loss curve 191. A curve
192 shows an experimental characteristic curve. The inser-
tion loss 1s approximately equal to the resistance loss when
the film thickness is 2500 A. Then, the total loss mainly
resulting from the 1nsertion loss starts to increase when the
film thickness is approximately 3500 A.

A curve 193 shown 1n FIG. 38B indicates the frequency
position 1, of the ripple r,, as a function of the identical film
thickness of the exciting electrode 131 and the reflectors 132
and 133 shown 1in FIG. 28. It 1s concluded, based on the
graphs 1n FIGS. 38A and 38B of FIG. 38, that the optimum
f1lm thickness that results 1n no ripple and little insertion loss
is between 2600 A and 4000 A. The above optimum film
thickness can be normalized by the perlod A, (4.4 um at 932
MHz see FIG. 28) of the resonators in the parallel arm
substantially determined by the center frequency of the filter.
The normalized optimum film thickness 1s between 0.06 and
0.09.

The eighth embodiment of the present invention 1s based
on the results of the above consideration by the iventors.

FIG. 39 shows a first one-terminal-pair SAW resonator
200 used 1n the SAW filter according to the eighth embodi-
ment. The resonator 200 comprises an exciting electrode
201, and two retlectors 202 and 203 respectively located on
both sides of the electrode 201. The electrode 201 and the
reflectors 202 and 203 are made of aluminum (Al) or a
mixture or alloy of Al and a few percentage of other metal
by weight. The film thickness t, of each of the electrodes and

5

10

15

20

25

30

35

40

45

50

55

60

65

16

the reflectors 202 and 203 1s equal to 0.06-0.09 times the
electrode period A . ASAW filter, in which the resonator 200
1s applied to each of the resonators R1B, R3B and R5B
shown 1n FIGS. 27 and FIG. 34, has a band characteristic
indicated by a curve 205 shown in FIG. 40. It can be seen
from FI1G. 40 that there 1s no ripple 1n the pass band. Use of
an Al alloy improves the breakdown power performance, as
compared to use of Al, Cu or T1 can be mixed with Al.

FIG. 41 shows a Variation 210 of the SAW resonator 200.
The resonator 210 shown 1n FIG. 41 comprises an exciting
interdigital electrode 211, and two reflectors 212 and 213
respectively located on both sides of the electrode 211. The
clectrode 211 and the reflectors 212 and 213 are made of Au.
The optimum film thickness of the electrode 211 and the
reflectors 212 and 213 1s determined, taking into account the
above-mentioned phenomenon caused due to the influence
of an increase 1n the weights of the electrode 211 and the
reflectors 212 and 213. Since the ratio of the density of Al
to that of Au 1s 2.7/18.9, equal to 0.143, the optimum film
thickness t, 1s determmed by multlplymg the optimum {ilm
thickness t, by 0.143, and 1s equal to 0.0086-0.013 times the
clectrode perlod A,. A SAW filter obtained by applying the
resonator 210 to each of the resonators R1B, R3B and R5B
has a band characteristic similar to the characteristic shown
in FIG. 40, and does not have any ripple in the pass band.

A description will now be given of the structure of the
inductors L1, L2 and L3 shown 1 FIG. 13 according to a
ninth embodiment of the present invention, with reference to
FIG. 42, 1n which parts that are the same as parts shown 1n
FIG. 16 are given the same reference numbers. As shown 1n
FIG. 42, zigzag microstrip lines 220 and 221 are formed on
the ceramic package 81 and are connected to the terminals
84_. and 84_.. Ends of the microstrip lines 220 and 221 are
connected to the ground. The pattern width of each of the
microstrip lines 220 and 221 1s 100 um, and the distance
between the microstrip lines 220 and 221 and the ground 1s
0.5 mm. When the dielectric constant of the ceramic package
81 15 equal to 9, the inductance values of the microstrip lines
220 and 221 are equal to 2 nH.

A description will now be given, with reference to FIG.
43, of a tenth embodiment of the present invention which 1s
another structure of the inductors .1, 1.2 and L.3. In FIG. 43,
parts that are the same as parts shown 1n FIG. 16 are given
the same reference numbers as previously. Two zigzag
microstrip lines 230 and 231 respectively connected to the
resonators R1 and R2 are formed on the filter chip 82.
Terminals 85_, and 85_. are connected to ends of the
microstrip lines 230 and 231. Each of the microstrip lines
230 and 231 is 3000 A thick, 60 um wide and 2 mm in
length. When the dielectric constant of the filter chip
(L1Ta0O,) 82 1s equal to 44, the inductance of the microstrip
lines 230 and 231 are equal to 2.2 nH.

It 1s possible to form inductors by suitably combining the
bonding wire 86_,, the microstrip line 220 on the ceramic
package 81 and the microstrip line 230 on the filter chip 82.

A description will now be given, with reference to FIG.
44, of a SAW filter 240 according to an eleventh embodi-
ment of the present invention. The eleventh embodiment of
the present invention 1s configured as follows. First, the
resonance frequency 1, of the resonators 1n the series arm 1s
made higher than the antiresonance frequency f_ of the
resonators 1n the parallel arms 1n order to increase the pass
band width. Second, Af=t, —1_ 1s selected so that the pass
band does not have an extremely large loss.

The previously described embodiments of the present
invention require that f, =t . However, as long as this
condition 1s maintained, the pass band cannot be increased.
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In order to increase the pass band, the present inventors
considered a condition {, <t as shown in FIGS. 46A and

75l

46B. It 1s apparent from FIGS. 46 A and 468 that bx<0
within a range {, <f<t, and hence this frequency range 1s
changed to an attenuation band according to the aforemen-
tioned theory. However, in practice, the product bx can be
maintained at a very small value by limiting At=(tf -1 ).
and the above frequency range can practically function as a
pass band without any substantial attenuation.

FIGS. 47A, 47B and 47C show band characteristics of a
ladder-type filter obtained when the At=(1, -1, ) increases
from zero. The filter used 1n the experiment has a piezo-
clectric substrate made of L1TaO, having an electromechani-
cal coupling coeflicient of 0.05, and an Al nterdigital
electrode having a film thickness of 3000 A. The structure of
the electrode 1s one of two basic units connected so as to
form a ladder-type structure, as shown 1n FIG. 44. Each of
the basic units comprises a {irst resonator in the parallel arm
and a second resonator 1n the series arm. In order to form the
input and output parts of the filter in symmetry to each other,
a third resonator 1s provided in another parallel arm of the
final stage. A plurality of basic units are cascaded so as to
form a ladder-type structure 1n order to increase the side lobe
suppression factor to a practical value.

However, the insertion loss increases as the number of
basic units to be cascaded increases. Hence, it 1s preferable
to determine the number of basic units to be cascaded, taking,
into account an actual filter specification. The filter being
considered 1s intended to realize a loss equal to or less than
2 dB and a side lobe suppression factor equal to or higher
than 20 dB. The mterdigital electrode of each of the reso-
nators in the parallel and series arms 1s designed to have an
aperture length of 180 um and 50 finger pairs. The ratio
P=(Cop/Cos) obtained when Cop and Cos are electrostatic
capacitances of parallel-arm and series-arm, respectively, 1s
1 because the electrodes of all the resonators have identical

specifications.
FIG. 47A shows a band characteristic when At=0. FIG.

47B shows a band characteristic when Af=10 MHz. The
band characteristic shown 1n FIG. 47B 1s improved so that
the pass band width (1n which a loss equal to or less than 2.5
dB 1s ensured) 1s increased to 40 MHz, while the band
characteristic shown 1 FIG. 47A has a pass band width of
22 MHz. It can be seen from FIGS. 47A and 47B that the
pass band width 1s improved particularly for low frequen-
cies. Further, the band characteristic shown in FIG. 47B has
an 1mproved side lobe suppression factor. More particularly,
the side lobe suppression factor 1s improved to 20 dB from
19 dB.

There 1s a limit regarding improvement due to increase in
AT. FIG. 47C shows a band characteristic when Af=19 MHz.
The pass band width slightly deteriorates at high
frequencies, and this deterioration i1s approximately equal to
2.5 dB, which will increase the ripple 1n the pass band. In
FIG. 47C, a ripple amounting to approximately 1.0 dB,
which 1s the allowable rnipple limit, 1s observed. When Af 1s
turther increased, the insertion loss and the in-band nipple
increase. Hence, an increase of Af=19 MHz 1s the limiat.

The product bx obtained when Af=19 MHz was exam-
ined. In the experiment, a SAW resonator provided 1n a
parallel arm shown i FIG. 44 and a SAW resonator pro-
vided 1n a series arm shown therein were separately fabri-
cated. The admittance of the resonator 1n the parallel arm
was measured by means of a circuit configuration shown in
FIG. 48A, and the impedance of the resonator 1in the series
arm was measured by means of a circuit configuration
shown 1n FIG. 48B. The measurement of admittance and
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impedance was carried out by measuring S21 by means of
a network analyzer. The measured values of S21 were
inserted into equations shown 1 FIGS. 48A and 48B, and

the impedance Z, and the admittance Y, were calculated.

A 1Irequency characteristic shown in FIG. 49 was
obtained, which shows the imaginary part of the admittance
or impedance, that 1s, the value of b or x. The frequency
dependence of the product bx 1s as shown 1n FIG. 50. It can
be seen from FIG. 50 that the product bx 1s negative and 1s
a small value within f, <t<f . The maximum absolute value
bx_ | of the product bx is given when:

f =y fap - B

and was equal to 0.06 for the embodiment being considered.
That is, when value |bx_ | is equal to or smaller than 0.06,
and deterioration of the msertion loss can be reduced and the
in-band ripple can be suppressed to 1 dB or less. If Af>19
MHz, the value of |bx,, | increases, and both the insertion
loss and the m-band ripple will increase to 1 dB or greater.
This value is not practical. As a result, the value of |bx
1s a an upper-limit indicator of characteristic deterioration,
and determines the allowable value of Af.

The above consideration will be generalized. FIG. 51 1s an
equivalent circuit diagram of a ladder-type filter obtained by
approximating the SAW resonators by the double resonance
circuits of LC. The impedance 7Z_ of the SAW resonator 1n
the series arm and the admittance Y, of the SAW resonator
in the parallel arm are expressed as follows:

Zs = JX (11)

= [—j(ws, — ")/ [Cos(WZ, — )]

Y, = jb (12)

[ = [iCoplws, — @]/ (wr, — )]

= [—jCoplos, — )]/ (Wi — W)

where @ . m

F5?

w,,, 0, are respectively the resonance and
antiresonance Irequencies ol the series-arm resonator and
the resonance and antiresonance frequencies of the parallel-
arm resonator, and T 1s the capacitance ratio (inherent in the
substrate). The above resonance and antiresonance frequen-

cies as well as the capacitance ratio are written as follows:

252

(s = 21l = 1/’\{(:15]—*15‘1

(Dqs = 27ty = mrs‘\fl +1/7

W = 27l =1/ \/ CypLyp

Wap = 21l = V1 +1/7

T=C /Cs = Cﬂp/clp-

The product bx 1s calculated from the equations (11) and
(12) as follows:

bx=- [Cﬂp' (mgpz_ mE) ' ((1}?,5—(1}2)]/[(305 ' (mrp2 - '[1)2) . (masz_mz)]

(13)
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The angular frequency o which makes the product bx have
a pole 1s obtained from o(bx)/0w=0, and 1s expressed as
follows:

=\/wap-mr5.

(14)

The value obtained by inserting the above into the equation

(13) 1s the maximum value of the product bx 1n the pass
band. That 1s,

bxmaf—[cﬂp-(l+1/1:)]/[C05-{1+1/(1:-&m/mr5}_2] (15)

where

A=, —0,,=27-Af

(16)
FIG. 52 shows a relation between bx___ and Al/T
obtained by plotting the equation (15) as a parameter P=C, /
Co.. The hatched area shown in FIG. 52 corresponds to the
condition such that the allowable value of the product bx 1s
equal to or smaller than 0.06 obtained by the experiment.
Hence, the allowable value o. of At/ dependent on P=C, /
C,. can be determined, and 1s written as follows, by 1nserting

bx_  1=0.06 into the equation (15):

max‘

@=1/[VPE2+71)/0.06 —1]. (17)

The capacitance ratio T depends on the substrate material,
and 1s approximately 15 tor 36° Y-cut X-propagation L1TaO,
according to the experiment. Hence, the equation (17) can be
rewritten as follows:

a=6.67x107%/(4.22VP-1)

When P=1, then ¢=0.02, and Af{=19 MHz for the embodi-
ment shown in FIG. 47 having 1, of 948 MHz. That 1s, the
equation (18) stands.

An 1ncrease 1n Af 1s eflective for a piezoelectric substrate
material having a small capacitance ratio T, that 1s a substrate
material having a large electromechanical coupling coetli-
cient. The equation (17) 1s obtained for such a substrate
material.

The capacitance ratio T 1s proportional to the reciprocal of
the electromechanical coupling coeflicient k*. The value of
the ratio T for 64° Y-cut X-propagation LiNbO, (k*=0.11)
and the value of the ratio T for 41° Y-cut X-propagation
LiNbO; are respectively 6.8 and 4.4. The above values are

obtained using the T value of 36° Y-cut X-propagation
LiTaO, and k*=0.05 (see K. Yamanouchi et al., “Applica-

tions for Piezoelectric Leaky Surface Wave”, 1990 ULTRA -
SONIC SYMPOSIUM Proceedings, pp.11-pp.18, 1990).

FI1G. 53 shows the relation between the capacitance ratio
t and the electromechanical coupling coeflicient k*, which is
obtained using the values of k* and t of 36° Y-cut
X-propagation LiTaO, and using such a relation that k* is
proportional to the reciprocal of T.

From the relation shown in FIG. 53, the values of the
capacitance ratios T of 64° and 41° Y-cut X-propagation
L1NbQO; substrates can be obtained and are equal to 6.8 and
4.4, respectively.

The structure of the embodiment shown 1n FIGS. 44 and
45 will now be described. The SAW filter 240 comprises a
36° Y-cut X-propagation LiTaO, substrate 241, and has
dimensions of 1.5 mmx2 mmx0.5 mm. From the input side

(18).
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of the filter 240, a parallel-arm resonator Rpl, a series-arm
resonator Rsl, a parallel-arm resonator Rp2, a series-arm
resonator Rs2, and a parallel-arm resonator Rp3 are arranged
in that order. Each of the resonators has retlectors (short-
circuit type) 242 respectively provided on both sides of the
clectrode having an aperture length of 180 um and 30 finger
pairs. Each of the reflectors 242 has 50 finger pairs.

The parallel-arm resonators are the same as the series-arm
resonators except for the periods of the interdigital elec-
trodes. The period A, of the electrode of each parallel-arm
resonator 1s 4.39 um (the ratio between the pattern width and
the gap 1s 1:1 and hence the pattern width 1s approximately
1.1 um (=A,/4), and the period of the electrode of each
series-arm resonator 1s 4.16 um (the pattern width 1s 1.04 um
(=A/4)).

The respective periods are selected using the following
equations so that the resonance frequencies (I, , 1) of the

FpY FS

respective resonators are equal to the respective predeter-
mined values (1,,=893 MHz, 1 =942 MHz):

2 FE

h=V /1

Al P TFS

A=V, /1,

where V _ 1s the sound velocity of the surface wave propa-
gating 1n the 36° Y-cut X-propagation L1TaO, crystal for an
electrode thickness of 3000 A, and is experimentally 3920
m/s.

The SAW filter 240 having the above structure has a
band-pass characteristic having a broad pass band and a low
loss, as shown 1n FIG. 47C, in which At=19 MHz. When
only the pattern width A, 1n FIG. 45 1s changed to 4.35 um,
then At becomes 10 MHz, and the characteristic shown 1n
FIG. 47B 1s obtained. The electrode 1s made of an Al-Cu
alloy and is 3000 A thick, and is arranged so that the surface
wave 15 propagated i the X direction of the piezoelectric
substrate 241.

A description will now be given of piezoelectric sub-
strates other than 36° Y-cut X-propagation TiTaO;. The
capacitance ratio T of 64° Y-cut X-propagation LiNbO; 1s
6.8, and an equation corresponding to the equation (17) 1s
written as follows:

0=1.47x10"Y/(4.37vP-1) (19)

The capacitance ratio T of 41° Y-cut X-propagation
LiNbO; 1s 4.4, and an equation corresponding to the equa-
tion (17) 1s written as follows:

a=2.273x107/(4.52vP-1) (20)

As the T value decreases, that 1s, the electromechanical
coupling coetlicient increases, a increases, and the charac-
teristic deteriorates little even 11 Af increases.

A description will now be given of a twelith embodiment
of the present invention with reference to FIGS. 54 through
57. A SAW filter 250 according to the twelith embodiment
of the present invention 1s a ladder-type SAW filter having
a plurality of basic units (unit sections), each having a SAW
resonator 1n the parallel arm and a SAW resonator 1n the
series arm, and establishes 1mage impedance matching
between adjacent unit sections 1n order to reduce a loss at
cach connection node. With the above arrangement, it
becomes possible to reduce the insertion loss 1n the pass
band.

The twelfth embodiment of the present mmvention was
made with the following consideration. As shown in FIGS.
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58 A and 58B, a band-pass characteristic can be obtained by
means of at least one parallel-arm resonator and at least one
series-arm resonator. The ladder-type connection compris-
ing one parallel-arm resonator and one series-arm resonator
1s the unit section of the filter.

It 1s desirable that the resonance frequency of the series-
arm resonator be equal to or higher than the antiresonance
frequency of the parallel-arm resonator. Two unit sections
respectively shown in FIGS. 58A and 38B are available. The
series arm of the unit section shown in FIG. 58A [series]
serves as the mput terminal, and the series arm of the unit
section shown 1n FIG. 58B serves as the output terminal. A
multi-stage connection comprising a plurality of umt sec-
tions 1s categorized 1nto one of three types shown in FIGS.
59A, 59B and 59C. FIG. 59A shows an arrangement 1n
which either the mput or the output 1s a series arm and the
other 1s a parallel arm (asymmetrical type). F1G. 59B shows
an arrangement 1 which both the mput and output are
parallel arms (symmetrical type). FIG. 59C shows an
arrangement in which both the mput and output are series
arms (symmetrical type).

The 1nsertion loss of the multi-stage connection having n
unit sections 1s n times that of the unit section, and the side
lobe suppression factor thereot 1s also n times that of the unit
section. Generally, the insertion loss increases, while the
side lobe suppression 1s improved. Particularly when the
insertion loss 1s approximately zero, the multi-stage connec-
tion 1s an eflective means. However, the insertion loss will
be larger than n times that of the umit section unless the
impedance matching between the adjacent unit section is
good. If the impedance matching 1s poor, power 1s retlected
at the mterfaces between adjacent umit sections (each of the
interfaces 1-1'-n-—n'"). The retlection of power increases the
insertion loss. When the power retlection occurring at an
interface between adjacent unit sections 1s denoted by 1, the
loss 1s expressed as nlOlog(I'). Hence, 1t 1s important to
suppress mcrease 1n the msertion loss establishing an imped-
ance match between adjacent unit sections and suppressing
power reflection at each interface between two adjacent unit
sections.

A descriptions will now be given of a method for match-
ing the impedance of adjacent unit sections. As shown 1n
FIG. 60, when two circuits 1 and 2, each having four
different terminal constants (four parameters A, B, C and D
of an F matrnx), are connected to each other so that the
impedance matching therebetween 1s established, the cir-
cuits are designed so that image impedances obtained by
viewing the circuits 1 and 2 from an interface b—b' are equal
to each other. An 1image impedance 7, obtained by viewing,
the circuit 1 from the impedance b—b' can be expressed as
follows, using four terminal constants A,, B,, C, and D, of
the circuit 1:

Zi1 = VDB /Ci A, . (21)

Similarly, an image impedance 7, obtained by viewing the
circuit 2 from the 1nterface b—b' can be expressed as follows:

Ziz = VA;B, /CoD; (22)

The image impedances 7., and 7, are determined regardless
of a load resistance (pure resistance) R,,.

When the equations (21) and (22) are equal to each other,
the following impedance matching condition can be
obtained:

DlBl/C 1A1=A2B2/C2D2 (23)
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FIG. 61A shows a connection having poor impedance
matching, and the condition of the equation (23) 1s not
satisfied. The reflection factor I' obtained by viewing the
right circuit from the interface b—b' 1s expressed as follows:

I'=(Z,Y,)/ (2+2.Y ) (24).

The values of the Z, and Y, of a practical element are not
equal to zero, and hence the reflection factor I thereot 1s not
Zero.

In a connection shown in FIG. 61B, an image impedance
7., obtained by viewing the left circuit from the interface
b—b' 1s obtained as follows, using the equation (21):

Ziy =\ Zs /Yo (1 +Z.Y,) . (25)

An 1mage mmpedance 7., obtamned by viewing the right
circuit from the interface b—b' can be obtained using the
equation (22). It will be noted that 7Z.,=7,,. Hence, the
impedance matching is established, and the reflection factor
I' at the interface b—b' 1s zero. The above holds true for a
connection shown 1n FIG. 61C.

A description will now be given of a method for cascading
a plurality of unit sections 1n the manner shown 1n FIG. 61B
or 61C. FIG. 62-(A) shows a circuit comprising n unit
sections (n>2), in which the connection method shown 1n
FIG. 61B and the connection method shown in FIG. 61C are
alternatively employed. It will be seen from the above
description that there 1s no reflection at each interface.

The circuit shown 1n (A) of FIG. 62 can be modified, as
shown 1n (B) of FIG. 62, in which two resonators respec-
tively in adjacent parallel nodes are integrated and two
adjacent resonators 1n the series arm are also mtegrated. The
series-arm resonator closest to the input of the filter has an
impedance value half that of the resonators located inside
the above series-arm resonator. Similarly, the parallel-arm
resonator closest to the output of the filter has an admaittance
value half that of the resonators located inside the above
parallel-arm resonator.

FIGS. 63A, 63B and 63C show configurations obtained
by applying the above modilying method shown in FIG. 62
to the configurations shown 1n FIGS. 539A, 59B and 59C,
respectively. More particularly, FIG. 63A shows an imped-
ance matching method corresponding to the matching
method shown 1 FIG. 59A, 1n which either the input or
output of the filter 1s the series arm and the other 1s the
parallel arm. In the configuration shown in FIG. 63A, the
impedance of the series-arm resonator located at one end of
the filter 1s half that of each inner series-arm resonator, and
the admittance of the parallel-arm resonator located at the
other end of the filter 1s half that of each inner parallel-arm
resonator.

FIG. 63B shows an impedance matching method corre-
sponding to the matching method shown in FIG. 59B. In the
configuration shown 1n FIG. 63B, each of two parallel-arm
resonators located at respective ends thereof has an admit-
tance value half that of the inner parallel-arm resonator.

FIG. 63C shows an impedance matching method corre-
sponding to the matching method shown 1n FIG. 539C. In the
configuration shown in FIG. 63C, each of the two series-arm
resonators located at respective ends thereof has an 1imped-
ance value half that of the inner series-arm resonators.

A turther description will now be given of the twellth
embodiment of the present invention based on the above-
mentioned concept. The SAW filter 250 according to the
twellth embodiment has the equivalent circuit shown 1n FIG.
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54, and the practical structure shown 1n FIG. 55. As shown
in FIG. 54, 1t has three series-arm resonators Rsl, Rs2 and
Rs3, and three parallel-arm resonators Rpl, Rp2 and Rp3.
Each of the six resonators has an i1dentical aperture length
(90 um), and an 1dentical number of finger pairs (100). Each
ol the resonators has two short-circuit-type reflectors respec-
tively located on two opposite sides of the interdigital
clectrode 1n order to increase Q. Each of the reflectors has
approximately 100 finger pairs. "

T'he series-arm resonators
Rs1, Rs2 and Rs3 have an identical finger period (A ) of

4.191 um. The parallel-arm resonators Rpl, Rp2 and Rp3
have an 1dentical finger period A, of 4.38 pum, which 1s

different from the value of A_.
FIG. 64 shows a

the SAW filter [related to the SAW filter] 250 according to
the twelith embodiment of the present invention as a related
art. In each of the filters shown in FIGS. 54 and 64, the
design specification of each series-arm SAW resonator indi-

cated by impedance Z_ 1s such that the aperture length 1s 90
um and the number of finger pairs 1s 100. The design
specification of each parallel-arm SAW resonator indicated
by admittance Y, 1s the same as the above design specifi-
cation. The piezoelectric substrate crystal 1s made of 36°
Y-cut X-propagation L1Ta0O,. On the crystal substrate, an
interdigital pattern for each SAW resonator formed with an
Al alloy pattern having a thickness of 3000 A is provided.

Curve 251 of the solid line shown 1n FIG. 56 indicates the
characteristic of the filter 250. Curve 252 of the broken line
shown 1n FIG. 56 indicates the characteristic of the filter
shown 1n FIG. 64. It can be seen from FIG. 56 that the filter
250 has an 1nsertion loss less than that of the filter shown 1n
FIG. 64, and particularly the insertion loss at both ends of

the pass band 1n the filter 250 1s greatly improved.
Curve 253 shown 1n FIG. 57 shows a band characteristic

of [the conventional filter shown in FIG. 64, in which] suc/
an embodiment that the number of finger pairs of only the
parallel-arm resonator indicated by admittance Y, 1s reduced
from 100 to 80 to thereby reduce the value of the admittance
Y. It can be seen from FIG. §7 that the insertion loss in the
pass band 1s improved. It may be said that the 1nsertion loss
can be somewhat improved even by reducing the admaittance
ol the resonator at the end of the filter by a quantity less than
/2. The above holds true for impedance.

The embodiment based on the basic structure shown in
FIG. 63 A has been described. A variation in which a number
of unit sections are provided at the center of the filter has the
same advantages as the above embodiment.

A description will now be given, with reference to FIG.
65, of a SAW filter 260 according to a thirteenth embodi-
ment of the present invention. The SAW filter 260 1s based
on the basic structure shown in FIG. 63B, and has the same

insertion loss improvement as shown by the curve 251 1n
FIG. 56.
FIG. 66 shows a SAW filter 270 according to a fourteenth

embodiment of the present invention. The filter 270 1s based
on the basic structure shown 1n FIG. 63C. The filter 270 has

the same 1nsertion loss improvement as shown by the curve
251 1n FIG. 56.

FIGS. 67 and 68 show a SAW filter 280 according to a
fifteenth embodiment of the present mnvention. The present
embodiment 1s based on such a consideration that the
isertion loss depends on a resistance component and a
conductance component of the interdigital electrode. With
the above 1n mind, the fifteenth embodiment is 1ntended to
reduce the resistance component of each series-arm resona-
tor and reduce the conductance component of each parallel-
arm resonator and to thereby reduce the total insertion loss
of a filter 1n which resonators make a ladder-type connec-
tion.

[conventional] comparative example of
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Reterring to FIG. 67, SAW resonators R, R , and R ; are
provided in the series arm, and SAW resonators R ;, R, and
R 5 are provided 1n the respective parallel arms. The reso-
nance frequency 1 _ of each of the resonators in the series
arm 1s different from the resonance frequency t,, ot each of
the resonators in the parallel arms.

It will now be assumed that the admittance of each

parallel-arm resonator 1s expressed as follows:

Y, =g+j'b (26)

where g denotes a conductance component, and b denotes a
susceptance. Further, 1t will be assumed that the impedance
ol each series-arm resonator 1s expressed as follows:

/7. =r+|'X (27)

where r denotes a resistance component, and x denotes a
reactance component.

Under the above assumptions, the frequency characteris-
tics of g, b, r and x are as shown 1n FIG. 71. The susceptance
component b (indicated by the dot chained line) of the
admittance Y, of the parallel-arm resonator has the largest
value at the resonance frequency 1, at which the sign
thereol changes from + to -. Further, the susceptance
component b becomes zero at the antiresonance frequency
t,,. at which the sign thereof changes from - to +. The
conductance component g (one-dot chain line) has the
largest value 1s at the resonance frequency 1, ,, and rapidly
decreases and approaches zero. The value of the conduc-
tance component g assumes only the plus sign.

The reactance component x (indicated by the solid line 1n
FIG. 71) of the impedance 7 _ of the series-arm resonator
becomes zero at the resonance frequency 1, and the largest
value at the antiresonance frequency t __. Further, the sign of
the reactance component X Changes from + to —, and
approaches zero from the minus side in a range higher than
f .. The resistance component r gradually increases from
zero to the largest value at the antiresonance frequency 1,
and then gradually decreases. The resistance component r
assumes only the plus sign.

In order to obtain a filter characteristic, the antiresonance
frequency t,, of the parallel-arm resonator 1s equal to or
slightly smaller than the resonance Irequency 1. of the
series-arm resonator.

A graph depicted 1n the lower portion of FIG. 71 shows
the band characteristic of the filter circuit. The pass band 1s
tormed around f_ ~1,, and the other frequency range serves
as an attenuation range. It can also be seen from FIG. 71 that
b and x are respectively zero around the center frequency of
the pass band. Hence, the pass band characteristic of the
filter 1s determined by only r and g, and the following 1is

obtained:

S21=100/(100+1+501-g+2500 @) (28).

Since r>0 and g>0, S21 becomes smaller than 1 as both r and
g increase, and the msertion loss written as 20log, |S21, also
increases. Hence, the insertion loss decreases as both r and
g are closer to zero.

A description will now be given of a consideration
concerning which part of the interdigital electrode 1s related
to the resistance component r and the conductance compo-
nent g. The above consideration takes into account a resis-
tance r, mserted in the equivalent circuit shown 1n FIG. 5B.
The resistance r; 1s the sum of the electric resistance
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component of the interdigital electrode and an acoustic
resistance component corresponding to an energy loss
encountered while bulk waves generated from ends of the
fingers are propagated inside the substrate. The resistance
component resulting from emission of bulk waves 1s little
dependent on the shape of the interdigital electrodes, and 1s
hence proportional to the electric resistance r, of the inter-
digital electrode. Particularly, r=r, around the center fre-
quency of x=0.

The conductance component g of the admittance of the
parallel-arm resonator 1s proportional to the conductance
1/r, of the electric resistance of the interdigital electrode.

The following equation 1s known:

r=l;po/(Ngs W) (29)
where p,, denotes the resistivity of the fingers of the inter-
digital electrodes, W denotes the width of each finger, t
denotes the film thickness of each finger, 1. denotes the
aperture length of the series-arm resonator, and N_ denotes
the number of finger pairs.

The conductance component g 1s obtained as follows 1t
the same substrate and the same metallic film as those used
in the series-arm resonator are employed:

g=N, W-t(l,po) (30)
where 1, denotes the aperture length of the parallel-arm
resonator, and the N denotes the number of finger pairs. It
will be noted that p,, W and t 1n the parallel-arm resonator
are almost the same as those in the series-arm resonator.

Hence, an increase in the insertion loss 1 the equation
(28) 1s expressed as follows:

14501 g+2500g=1.po/ (N, W-t)+50-(1/L,)- (N /N, }+2500-N - W't/

(L'po)- (31)

It can be seen from equation (31) that the insertion loss of
the series-arm resonator becomes smaller as the aperture
length 1. decreases and the number N_ of finger pairs
increases, and that the isertion loss of the parallel-arm
resonator becomes smaller as the aperture length 1, increase
and the number N, of finger pairs decreases. Particularly, the
insertion loss can be eftectively reduced when 1/1 <1 and
N_/N <1, that 1s, when the aperture length of the series-arm
resonator 1s smaller than that of the parallel-arm resonator,
and the number of finger pairs of the series-arm resonator 1s
larger than the number of finger pairs of the parallel-arm
resonator.

The reason for the above will now be described. In
equation (31), r=r, (r.: electric resistance of the series-arm
resonator), and g=1/r, (r,: electric resistance of the parallel-
arm resonator), and therefore the following expression can
be obtained:

r+501-g+2500 g=r +50(r /1 )+2500(1/1 ).

Hence, an increase in the insertion loss can be suppressed
when (r/r,)<1, that 1s, r.<r,.

It 1 1s too short, a loss resulting from diffraction of the
surface wave takes place. If 1, 1s too long, a decrease i Q
of the parallel-arm resonator due to resistance increase
appears, and the side lobe suppression factor 1s deteriorated.
Hence, there 1s a limit on 1, and 1,.
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The equation (31) can be modified as follows:

r+50r-g+2500g=1_po/ (N W-t;)+50-(1/L,) (N /N +(t -t )+

2500-N,,*W-t,/(L,"po) (32)

where t. denotes the film thickness of the metallic film
forming the interdigital electrode of the series-arm
resonator, and t, denotes the film thickness ot the metallic
film forming the interdigital electrode of the parallel-arm
resonator. Hence, the insertion loss can be reduced when
t /t..

i It 1s possible to use resonators, each having two different
metallic films having different resistivity values (p,.. p,,)
and to arrange these resonators in the parallel and series
arms, so that p_ /p, <1 can be satisfied. However, this 1s not
practical 1n terms of mass productivity.

A further description will be given, with reference to
FIGS. 67 and 68, of the fifteenth embodiment based on the
above concept. A piezoelectric substrate 241 1s formed of
36° Y-cut X-propagation Li1TaO,, and an electrode 1s made
of Al and 3000 A thick.

Conventionally, in each of the parallel and series arms,
=1 =90 um, and N =N =100. In the present embodiment,
I;=45 um and N ;=200 1n the series arm, while 1 ,=180 pm and
N_=50 1n the parallel arm. That 1s, 1 >1_, and N_>N . Further,
1/1,=0.25, and N /N =0.25. The electrostatic C, of the
interdigital electrode based on the product of the number of
finger pairs and the aperture length 1s kept constant.

In FIG. 69, solid line 281 indicates the characteristic of
the present embodiment, and broken line 282 indicates the
characteristic of the conventional filter. The conventional
filter has an 1insertion loss of 2.5 dB, while the present
embodiment has an insertion loss of 2.0 dB. That 1s, the
isertion loss 1s improved by 0.5 dB, 1n other words, 25%.
Further, since an increased number of finger pairs of the
series-arm resonator 1s used, the breakdown power perfor-
mance 1s 1improved, and the applicable maximum power 1s
improved by 20%.

In the present embodiment, a difiraction loss appears
when 1 1s equal to or less than 30 um, and them side lobe
starts to deteriorate when 1, 1s equal to or larger than 300 pm.
Hence, the 1, and 1, are limited to the above values. It can be
seen from the above that the insertion loss 1n the pass band
1s improved by decreasing the electric resistance of the
series-arm and 1increasing the electric resistance of the
parallel arm (decreasing the conductance). It 1s also possible
to use a parallel-arm resonator having a film thickness larger
than that of the series-arm resonator. Even with this
structure, it 1s possible to reduce the insertion loss 1n the pass
band.

A description will now be given, with reference to FIG.
72, of a wave filter according to a sixteenth embodiment of
the present invention. The wave filter (branching filter)
shown 1 FIG. 72 comprises two SAW filters F1 and F2
having input terminals connected to a pair of common signal
terminals TO via common nodes a and b. The SAW filter F1
has a pair of signal terminals T1, and the SAW filter F2 has
a pair of signal terminals T2. A pair of signal lines 1, and 1 _
connects the nodes a and b to the SAW filter F1, and another
pair of signal lines 1, and 1. connects the nodes a and b to the
SAW filter

The SAW filter F1 comprises a series-arm SAW resonator
Rso, and a parallel-arm SAW resonator Rp, which resonators
are configured as has been described previously. The reso-
nator Rso 1s connected to the common node a, and hence
serves as a resonator of the first stage of the SAW resonator
F1. A plurality of pairs, each pair of series-arm resonator and
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parallel-arm resonator are cascaded in the SAW filter F1.
The SAW filter F2 1s configured in the same manner as the

SAW filter F1.

The SAW filters F1 and F2 respectively have diflerent
band center frequencies. For example, the SAW filter F1 has
a band center frequency t, of 887 MHz, and the SAW filter

F2 has a band center frequency 1, of 932 MHz. In this case,
the frequency 1, 1s lower than the frequency {,.

FI1G. 73 1s a Smith’s chart of the wave filter shown 1n FIG.
72. In FIG. 72, P indicates the pass band of the wave filter.

A 1ndicates a low-frequency-side attenuation band, and B
indicates a high-frequency-side attenuation band. It can be
seen from FIG. 73 that the characteristic impedance of the
circuit shown m FIG. 72 1s equal to 50 £, while the

impedances of the attenuation bands A and B are greater than
50 €2. This means that the wave filter shown 1n FIG. 72 has

the impedance characteristics of the respective band-pass
filters.

A description will now be given, with reference to FIGS.
74 and 75, of a wave filter according to a seventeenth
embodiment of the present invention. In FIG. 74, parts that
are the same as parts shown in the previously described

figures are given the same reference symbols.
As has been described previously, the SAW filters F1 and

F2 satisty the condition 1,<1,. If the SAW band-pass filters
F1 and F2 have characteristics as shown in FIG. 75, the filter
F1 1s maintained 1n a high-impedance state within the pass
band frequency band of the filter F2. In this case, there 1s no
need to provide an impedance matching circuit M to the
filter F1, and the same characteristic as the characteristic of
the filter F2 alone can be obtained.

However, the filter F2 does not have a high impedance
within the low-Irequency attenuation band A thereof, and
crosstalk may take place. Hence, it 1s necessary to increase
the impedance within the low-frequency attenuation band A
of the filter F2.

An i1mpedance matching circuit M for increasing the
impedance 1n the low-Irequency attenuation band A thereof
1s connected between the nodes a and b and the filter F2. The
impedance matching circuit M includes an inductor L,
which 1s a high-impedance element for rotating the phase of
signal. The inductor L has an inductance of, for example, 6
nH. The inductor L can be formed with, for example, a
metallic strip line made of, for example, gold, tungsten, or
copper, and formed on a glass-epoxy or ceramic substrate.
The strip line formed on the glass-epoxy substrate has a
width of 0.5 mm and a length of 11 mm, and the strip line
formed on the ceramic substrate has a width of 0.2 mm and
a length of 6 mm.

As shown 1 FIG. 75, the impedance matching circuit M
provided for the filter F2 rotates the phase in the direction
indicated by the arrow, and the impedance of the filter F2 1n
the low-1requency attenuation band A can be 1ncreased.

FIG. 76 shows a wave {ilter according to an eighteenth
embodiment of the present invention. In FIG. 76, parts that
are the same as parts shown in the previously described
figures are given the same reference symbols. The wave
filter shown in FIG. 76 can be obtained by connecting a
capacitor C, which corrects the quantity of phase rotation of
the inductor L, 1n series between the inductor L. and the
series-arm resonator Rso. There 1s a possibility that a
suitable impedance matching may be not obtained by means
of only inductor L. As shown 1n a Smith’s chart shown 1n
FIG. 77, the phase 1s rotated 1n the direction indicated by the
arrow shown in FIG. 77 first, and 1s rotated by means of the
inductor L second.

FIG. 78 shows a wave filter according to a nineteenth
embodiment of the present invention. The filter F1 com-
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prises the series-arm SAW resonator Rso and the parallel-
arm SAW resonator Rp, which are connected so that the
series-arm resonator 1s located at the first stage of the filter
F1. The parallel-arm SAW resonator Rpo of the filter F 1s
located at the first stage of the filter F. A line S for use 1n
phase rotation 1s connected 1n series to the SAW filter F2. It
1s possible to increase the impedance of the filter F1 within
the high-frequency attenuation band B thereof even by an
arrangement such that only the filter F1 has the series-arm
resonator of the first stage. In this case, the resonator of the
first stage of the filter F2 1s the parallel-arm resonator Rpo
connected 1n parallel to the pair of common signal terminals
T0, and the low-frequency attenuation band A of the filter F2
(corresponding to the pass band of the filter F1 does not have
a high impedance. Hence, according to the present
embodiment, the phase rotation line S 1s connected in series
to the filter F2.

As shown in FIG. 79, the direction of phase rotation

caused by the line S 1s opposite to the directions shown 1n
FIGS. 75 and 77. However, as shown 1n FIG. 80, suitable

matching of the filter F2 can be obtained. In this case, the
length of the line S formed on the glass-epoxy substrate 1s
approximately 25 mm, and the length of the line S formed
on the ceramic substrate 1s approximately 26 mm.

A variation of the configuration shown 1n FIG. 78 can be
made by providing the inductor L 1n the same manner as
shown 1n FIG. 74. It 1s also possible to further provide the
capacitor C in the same manner as shown in FIG. 76.

The band center frequencies 1; and {, of the sixteenth
through nineteenth embodiments of the present invention are

not limited to 887 MHz and 932 MHz.

The present mvention 1s not limited to the specifically
disclosed embodiments, and variations and modifications
may be made without departing from the scope of the
present mvention.

What 1s claimed 1s:

1. A band-pass filter having a pair of band-pass filter
[input] common signal terminals and plural pairs of band-
pass filter Joutput] sigral terminals, comprising;

a pair of [SAW] band-pass filters having respective pass
bands and comprising a plurality of Jone-port SAW]
acoustic wave resonators connected 1n a multiple ladder
structure, each having at least a first stage located at a
side of the pair of band-pass filter [input] common
signal terminals and [a series-arm resonator located at
the first stage,] a pair of input terminals and a pair of
output termainals;

the pair of band-pass filter [input] common signal termi-
nals being commonly connected to the [respective pairs
of input terminals of the pair] pair of [SAW] band-pass
filters;

the plurality of pairs of band-pass filter Joutput] sigral
terminals being respectively connected to the [respec-
tive pairs of output terminals of the pair] pair of [SAW]
band-pass filters; and

an inductance element located between [at least] ore side
of only one of the [SAW] band-pass filters located at
the first stage and [the pair of band-pass filter input
terminals and directly connected between the respec-
tive pair ol input terminals of the at least one of the
SAW filters and thereby 1n parallel to said at least one
of the SAW filters] one of the common signal terminals,
and no inductance element being located between the
other of the band-pass filters and one of the common
signal terminals.

[2. A SAW filter comprising:

a plurality of first SAW resonators, each having a pair of
terminals and a predetermined resonance frequency
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(1,,), said first SAW resonators being connected in
respective, parallel arms of the SAW filter;

a plurality of second SAW resonators, each having a pair
of terminals and a predetermined resonance frequency
(1,.) approximately equal to an antiresonance frequency
(t,,) of each of the first SAW resonators, said second

SAW resonators being provided 1n series arms of the
SAW filter; and

inductance elements respectively connected 1n series with
the first SAW resonators in the parallel arms and
formed of wires.}
[3. The SAW filter as claimed in claim 2, further com-
prising:
a package accommodating the first and second resonators
and the inductance elements; and

lead terminals extending from interiorly of the package to
exteriorly thereof, said wires of the inductance ele-
ments being bonded to said lead terminals.}
[4. A band-pass filter having a predetermined pass-band
characteristic and comprising:

a plurality of SAW resonators connected 1n a ladder
formation, said plurality of resonators being connected
in respective serial arms and parallel arms; and

bonding inductance elements, said parallel arms of said
ladder formation being connected to ground via respec-
tive said bonding inductance elements.}

[5. The band-pass filter as claimed in claim 4, wherein

said bonding inductance elements comprise wires.}

[6. A band-pass filter having a pair of band-pass filter
input terminals and plural pairs of band-pass filter output
terminals, comprising:

a pair of SAW filters having respective, diflerent pass
bands and each SAW filter having a pair of SAW filter
input terminals and a pair of SAW filter output termi-
nals and comprising a plurality of one-port SAW reso-
nators connected 1n a ladder structure between the input
and output terminals and including at least a first stage
having a series-arm SAW resonator connected to one of
the pair of input terminals;

a pair oI SAW filters having respective pass bands and
comprising a plurality of one-port SAW resonators
connected 1n a ladder structure, each having at least a
first stage located at a side of the pair of band-pass filter
input terminals and a series-arm resonator located at the
first stage, a pair of input terminals and a pair of output
terminals;

the pair of band-pass filter input terminals being com-

monly connected to the respective pairs of input ter-
minals of the pair of SAW filters;

the plurality of pairs of band-pass filter output terminals

being connected to the respective pairs of output ter-
minals of the pair of SAW filters.}

[7. A band-pass filter having a predetermined pass-band
characteristic and comprising:

a plurality of SAW resonators connected in a ladder
configuration of respective serial arms and parallel
arms, said plurality of SAW resonators being connected
in respective said serial arms and parallel arms; and

bonding inductance elements respectively connecting said
parallel arms of said ladder configuration to ground.]
8. An acoustic wave filter comprising:

a first acoustic wave resonator having a pair of tevminals
and a predetermined vesonance frequency (frp), said
first acoustic wave resonator being provided in a
parallel arm of the acoustic wave filter on a LilaO,
substrate; and
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a second acoustic wave resonator having a pair of ter-
minals and a predetermined vesonance frequency (frs)
approximately equal to a predetermined antivesonance
frequency of the first acoustic wave resonator (fap),
said second acoustic wave resonator being provided in
a series arm of the acoustic wave filter on the LilaO,
substrate; and

an inductance element connected in series with the first
acoustic wave resonator in the parallel arm, the induc-
tance element functioning to increase the admittance of
the parallel arm and decrease the resonance frequency,
wherein

the first acoustic wave rvesonator comprises an exciting
interdigital electrode and first and second reflectors,
each of which comprises either aluminum or an alu-
minum alloy containing a few weight percentage of
metal, other than aluminum; and

the respective film thicknesses of the exciting interdigital
electrode and the first and second reflectors are in a
range of from 0.06 to 0.09 times the period of the
exciting interdigital electrode.

9. An acoustic wave filter comprising:

a first acoustic wave resonatorv having a pair of tevminals
and a predetermined resonance frequency (frp), said
first acoustic wave resonator being provided in a
parallel arm of the acoustic wave filter on a LilaO,
substrate; and

a second acoustic wave resonator having a pair of ter-
minals and a predetermined vesonance frequency (frs)
approximately equal to a predetermined antivesonance
frequency of the first acoustic wave resonator (fap),
said second acoustic wave resonator being provided in
a series arm of the acoustic wave filter on the LilaO,
substrate; and

an inductance element connected in sevies with the first
acoustic wave resonator in the parallel arm, the induc-
tance element functioning to increase the admittance of
the parallel avm and decrease the vesonance frequency,
whevrein

the first acoustic wave resonator comprises an exciting
interdigital electrode and first and second reflectors,
each of which comprises either gold or a gold alloy
containing a few weight percentage of metal other than
gold; and the respective film thicknesses of the exciting
interdigital electrode and the first and second reflectors
are in a range of from 0.0086 to 0.013 times the period
of the exciting interdigital electrode.

10. An acoustic wave filter comprising:

a plurality of first acoustic wave resonators on a single
piezoelectric substrate, each having a pair of terminals
and a predetermined resonance frequency (frp), said
first acoustic wave resonators being connected in
respective, parallel arms of the acoustic wave filter;

a plurality of second acoustic wave resonators on the
piezoelectric substrate, each having a pair of tevminals
and a predetermined rvesonance frequency (frs)
approximately equal to the predetermined antiveso-
nance frequency of the first acoustic wave resonator
(fap), said second acoustic wave resonators being
provided in a series arm of the acoustic wave filter; and

inductance elements vespectively connected to ground in
series with the first acoustic wave rvesonators in the
parallel arms.
11. A band-pass filter having a pair of band-pass filter
common signal tevminals and plural pairs of band-pass filter
signal terminals, comprising:
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a first band-pass filter having a pass band, having a band
center frequency and comprising a plurality of acoustic
wave resonators connected in a wmultiple ladder
structure, having at least a first stage located at a side
of the pair of band-pass filter common signal terminals,
a pair of input terminals and a pair of output terminals;

a second band-pass filter having a different pass band
from the pass band of the first band-pass filter, having
a band center frequency which is larger than the band
center frequency of the first band-pass filter and com-
prising a plurality of acoustic wave vesonators con-
nected in a multiple ladder structure, having at least a
first stage located at a side of the pair of band-pass
filter common signal terminals, a pair of input termi-
nals and a pair of output terminals;

the pair of band-pass filter common signal terminals
being commonly comnnected to the first and second
band-pass filters,

the plurality of pairs of band-pass filter signal tevminals
being respectively comnnected to the first and second
band-pass filters; and

only one impedance matching circuit located only
between the first stage of the second band-pass filter
and the common signal terminals.

12. The band-pass filter as claimed in claim 11, wherein
the impedance matching circuit includes an inductor.

13. The band-pass filter as claimed in claim 12, wherein
the inductor is formed with a metallic strip line.

14. The band-pass filter as claimed in claim 13, wherein
the metallic strip line is formed on a ceramic package.

13. The band-pass filter as claimed in claim 11, wherein
said impedance matching circuit includes an inductor and a
capacitor.

16. A band-pass filter comprising:

a first band-pass filter having a pass band, having a band
center frequency and comprising a plurality of acoustic
wave resonators connected in a wmultiple ladder
structure, having at least a first stage and a sevies-arm
resonator located at the first stage, a pair of input
terminals and a pair of output terminals;

a second band-pass filter having a different pass band
from the pass band of the first band-pass filter, having
a band center frequency which is larger than the band
center frequency of the first band-pass filter and com-
prising a plurality of acoustic wave resonators con-
nected in a multiple ladder structure, having at least a
first stage and a parallel-arm vesonator located at the
first stage, a pair of input terminals and a pair of output
terminals;

a pair of band-pass filter common signal terminals com-
monly connected to the first and second band-pass

filters;

a plurality of pairs of band-pass filter signal tevminals
respectively comnnected to the first and second band-
pass filters;

a circuit element used for phase rotation and connected
between at least one of the pair of common signal
terminals and the second band-pass filter.
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17. The band-pass filter as claimed in claim 16, wherein
the circuit element comprises a line formed on a glass-epoxy
substrate or a ceramic substrate.

18. The band-pass filter as claimed in claim 16, wherein
the circuit element comprises an inductance element.

19. The band-pass filter as claimed in claim 18, wherein
the circuit element further comprises a capacitance element
coupled to the inductance element.

20. A band-pass filter having a predetermined pass-band
characteristic and comprising.

a plurality of acoustic wave resonators connected in a
ladder formation, said plurality of resonators being
connected in vespective serial arms and parallel arms;
and

bonding inductance elements, said parallel arms of said
ladder formation being connected to ground via respec-
tive said bonding inductance elements, wherein:

a package in which the band-pass filter is mounted,
contains a piezoelectric substrate and the ground; and

the plurality of acoustic wave resonators ave on the
piezoelectric substrate.
21. A band-pass filter having a predetermined pass-band
characteristic and comprising:

a plurality of acoustic wave resonators connected in a
ladder formation, said plurality of resonators being
connected in vespective servial arms and parallel arms;
and

bonding inductance elements, said parallel arms of said
ladder formation being connected to ground via respec-
tive said bonding inductance elements, wherein:

a package in which the band-pass filter is mounted
contains a piezoelectric substrate;

the plurality of acoustic wave resonatovs ave on the
piezoelectric substrate; and

a first electric vesistance (Rs) of an interdigital electrode
of a acoustic wave vesonator provided in a series arm,
is smaller than a second electric resistance (Rp) of an
interdigital electrode of a acoustic wave resonator
provided in a parallel arm which is next to the series
arm.

22. A band-pass filter having a predetermined pass-band

characteristic and comprising:

a plurality of acoustic wave resonators connected in a
ladder formation, said plurality of resonators being

connected in respective serial arms and parallel arms;
and

bonding inductance elements, said parvallel arms of said
ladder formation being connected to ground via respec-
tive said bonding inductance elements, wherein.

the plurality of acoustic wave resonators ave on a piezo-
electric substrate; and

the bonding inductance elements are rvespectively con-
nected to the ground outside the piezoelectric substrate.
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