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Abstract

Simple, flexible means are presented for synthesis of acoustic-surface-wave-resonator band-pass filters from

low-pass prototypes.
strip couplers are treated.

Introduction

It is well known ®hat surface-wave resonators of
the Fabry-Perot type can be fabricated using reflectors

consisting of large arrays of reflecting elements.l’2’3

Figure 1l(a) illustrates one type of resonator which
consists of arrays of metal strips (extending into and
out of the paper) on the surface of a piezoelectric

substrate such as LiNbO3 or guartz. At resonance the

arrays on the left and right act like reflecting walls
for the surface-wave energy. Such resonators can be
modelled quite well by a transmission-line equivalent
circuit model as shown in Fig. 1l(b). Note that the
arrays are represented by a cascade of equal-length
line sections with impedance Ze alternating with ZO'
(We are free to set Zo
has been found that for the small values of r = Ze/Zo

= l/YO = 1 for convenience.) It

which are typical for SAW arrays, equal-line-length
modelling of the arrays is a good approximation even if
w and g are quite unequal in Fig. 1l(a), provided appro-

4
priate values of wave velocity and r are used.

Working from equivalent circuits such as that in
Fig. 1{(b) to represent the resonators, it is shown
herein that known techniques used for microwave-filter
design can be adapted for straight-forward design of
surface-wave-resonator filters with any of a variety of
different coupling mechanisms. Types of couplings to
be treated are electrical couplings through trans-
ducers, acoustic coupling through reflecting arrays,
and multistrip couplings.

Band-pass Parameters from Low-pass Prototypes

In Fig. 2(a) is shown a low-pass prototype filter
of a type for which tabulated element values are avail-

able for Chebyshev, maximally flat, and other types.5
In Fig. 2(b) is shown a possible form of band-pass
filter which can be derived from the low-pass filter in

Fig. 2(a). The boxes marked Jj 341 are "admittance
’

inverters" which operate at all frequencies like a
quarter-wavelength section of transmission line having

characteristic admittance Jj 41 Note that a
’

parallel-type resonator in shunt,with an admittance
inverter on each side looks like a series-type resona-
tor connected in series. Table I gives the equations
needed for relating the parameters of the circuit in

Fig. 2(b) to that in 2(a). The frequencies wy and w,

are the band-pass cut-off frequencies corresponding to

the low-pass cut-off frequency w{ for the prototype.

Observe that the band-pass filter designs are defined

in terms of the external Q's, [QeJl and (Qe) for the
n

end resonators, and the coupling coefficients kj j+1

between resonators. The resonators are all resonant

fThis research was supported by NSF Grant ENG 76-00195.
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at the same frequency wO, and their susceptance slope

is characterized by a susceptance slope parameter de-
fined by
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where dB/dw is the slope of the susceptance characteris-—
tic at the resonant frequency wo. In Fig. 2(c) the xj

are the reactance slope parameters of the series-type
resonators, and are defined in analogous fashion. For
a given transmission characteristic, aside from the
fact that all resonators must resonate at the same fre-
quency, the choice of resonator designs is arbitrary
provided appropriate inverters and terminations are
used as indicated in Egs. (d) and (e) of Table I. The
dual relations in Egs. (f) and (g) hold for the circuit
in Pig. 2(c).

Coupling Through Reflecting Arrays

It is known that filters can be formed by struc-

6,7,1
tures of the form in Fig. 3(a). ' '~ The rectangles

d N, | flecti arra: ach having N, |
marke N3,3+1 are reflecting ys e L g 3,341

reflecting elements modelled as in Figs. 1(b) and 4(a).
The arrays are resonant at the frequency for which the
line sections are a quarter-wavelength long. It can be
seen that for resonance the spacing between arrays must
be such that the leading edges E of the array models

will be a multiple ms] of half-wavelengths apart as

indicated in Fig. 1(b). Surface-wave energy is inci-
dent form the left in Fig. 3(a) and the structure com-
prises a four-resonator filter with the regions of the
different resonators indicated by the numbers below.

Various treatments of such structures exis:t,6'7'l but
herein it will be shown how such structures can be de-
signed with great ease and flexibility by use of the
viewpoint in Fig. 2 and Table I.

It can be shown9 that an array having Nj 41 Ye-
’

flecting elements can be modelled by one or the other
of the equivalent circuits in Fig. 4(b), (c) where the
resonator slope parameters are

+
b “"z‘Nl—[“ﬂ'%r‘l.”—
j,j+l u  j,j+l u  j,3+1

or = ==+ (2)

X, .
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and the inverter parameters are

J. .
j,3+1 1
or =N . (3)
Kj 341 u j,J+l
’

In the present application we are free to define the
free-surface surface-wave impedance arbitrarily,and for
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cbnvenience we chose ZO = l/YO = 1, which is assumed in

(2) and (3). If r > 1 (as in the case of open-

circuited metal strip arrays,8 4 and waffle-iron metal

arrayslo) u = r and the circuit in Fig. 4(b) applies.
From Fig. 4(b) it is seen that for the case of v > 1
an array structure as in Fig. 3(a) can be modelled

by a structure as in Fig. 2(b), where the total resona-

tor slope parameter due to adjacent arrays Nj 1, and
=Ly

N. . and their intervening spacing m ., is given b
3,9+1 g sp g s g Y
m T

- sJ
Py bt P @

and analogously for the dual case of xj if r <1.

For Fig. 3{a) the correct loading conductances

GLl and GLn are given by

2/Y , G _ =4 2/Y (5)

Sp1 = o1 Yo In  “n,n+l 770

and J
n,n+l

ciated with arrays N

where JOl are the inverter parameters asso-

i = 4 d
ol and Nn,n+l (here n ), an
where herein Y_ = 1. In the case of the terminating

0

ol and N45,

ters bOl and b45 at the ends of the structure can be

arrays N the resonators with slope parame-

ignored in the design process because those resonators
are terminated by the free-surface admittance YO and

have a selectivity which is extremely broad compared
with that of the rest of the structure. Since the

value of N, fixes both J, . and b, . it is
3. 3,341 3,317
{2) to (5), and (d)

j+1
found that iterative use of Egs.
and (e) of Table I gives good results.9 This procedure

is found to converge very rapidly and, within limits,
the values of the mSj can be arbitrary integers.

At A in Table II is shown the design parameters
for a filter of the form in Fig. 3(a) designed from a
low-pass Chebyshev prototype with 0.10-dB ripple, for
a fractional bandwidth of w = .0015. The arrays were
assumed to have r = 1.011 as for a typical waffle-iron

10 R s s . .
structure on YZ, LleO3. The solid lines in Fig. 5

show the computed response for this design, and it is
seéen that the passband conforms very closely to the
design specifications. However, as expected, the stop-
band gives out not far from the passband because the
bandwidth for high reflection from the arrays is very
limited.

Electric Coupling Using Transducers

In practical situations it is necessary to use
transducers for going from an electrical source into
the surface-wave filter and from the filter to the
electrical load. Fig. 3(b) shows a modified design

including transducers with nl = n4 = 11 fingers. 1In

Rl andl NR4

the purpose of reflecting energy rather than for coup-
ling to external acoustic terminations. Thus the
number of reflecting elements in these arrays is
greatly increased (in this case to 300). The mutual
coupling arrays were redesigned to accomodate the
change in resonator slope parameters due to the changed

end arrays and due to changing ms] = mS4 from 15 to 12.

The transducers were designed using methods similar to
those described in Ref. 3.%

this case the outer arrays N are purely for
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An electromechanical coupling coefficient of kc = 0.2

as for LiNbO. was assumed for the transducers along

3
with a center frequency of 30 MHz and transducer capac-
itances of 26.5 pf. The final design parameters are

summarized at B in Table II. Note that the mSl and

m_, values are no longer integers since the transducers

require a compensating tuning correction. The com-
puted response for this design is indicated by the

dashed lines in Fig. 5. Note that the pass-band
region is much the same as for the first design except

for some loss due to leakage out arrays NRl and NR4'

and that the stop-band attenuation has been enhanced
somewhat.

3,9

In order to further enhance the minimum attenua-
tion level in the stopband, electric transducer coup-
ling between resonators 2 and 3 was introduced as
shown in Fig. 3(c))again using design procedures such

as those in Ref. 3 and herein.9 For simplicity,

transducers n2 and n, were also designed to have 11

fingers, which gave excessive coupling, which in turn
was reduced by inclusion of the decoupling capacitor
C23. The parameters for this design are summarized at

C in Table II. The computed response for this design
is shown by the solid lines in Fig. 6. In this case
the minimum stopband attenuation is around 30 dB. This
would be higher if the bandwidth of the filter were
narrower or if additional transducer couplings were
used.

Multistrip Coupling of Resonators

It is known that multistrip couplings can be used

for coupling of surface-wave resonators.ll'lz'l3 That

this should work can be seen from the fact that the
signal coupled out the adjacent track of a multistrip
coupler has a 90° phase shift with respect to the sig-
nal out the straight-through track. Thus a multistrip
coupler will have inverting properties such that it can
be used as an admittance or impedance inverter. Also,
its directional coupling properties provide an alter-
nate means for enhancing attenuation in the stopband
region where the arrays are not reflecting. Let us
consider the case of the use of a multistrip coupler
for coupling between resonators 2 and 3 in Fig. 3(c).
It can be shown9 that the equivalent admittance inver-
ter Jj,j+1 for a multistrip coupler which couples a

. 2 P ;
fraction ¢ of the incident power into the adjacent
track is given by

C
J. ., . = ——
3.3+l / 5
F\ 1-c

where ¢ = ._>f77“

e \/ﬁc/ inc

the adjacent track, P,
inc

(6)

' Pc is the power transferred to
is incident power in the

initial track, and where YO = 1 was assumed. In the

case of the example in Fig. 3(c) an admittance inverter

with admittance J23 = ,154 is required in order to give

proper coupling between the given resonators. Solving

gives c2 = ,0231 (i.e., 16.3 dB coupling
This calls for a multistrip coupler with

2
Eg. (6) for ¢
is required).

*The two equations following (17) in Ref. 3 should have
a minus sign appended before the parameters GA

and GAp'
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5
3(c) but with transducers n

11 strips when using LiNbO The final design would

be of the form in Fig. and

2

n Note that when

3
the arrays are not reflecting the energy incident from

transducer n, will be directed by the multistrip coup-

ler away from transducer n

replaced by a multistrip coupler.

In this way transducers

4
n, and n, tend to be isolated when the arrays are not
reflecting. However, since at most frequencies arrays

have some small amount of reflection outside of their
stop-band region, some energy would still be scattered
to the output transducer n4. Using analysis procedures

described in Ref. 9 the response for the circuit in
Fig. 3(c) using multistrip coupling between resonators
2 and 3 was computed, and the result is shown by the
dashed lines in Fig. 6. At least for this example the
stop-band attenuation is somewhat inferior using a
multistrip coupler than when using transducer coupling.

Conclusions

It is seen that SAW resonator filters with any of
a variety of coupling mechanisms can be conveniently
designed using the point of view of Fig. 2 and Table I.
Our previous measured results indicate that array coup-
ling as in Fig. 3(a) has less loss than transducer
coupling (even if loss out the ends of the arrays such

as N and N in Fig. 3(b) is negligible).lO However,

Rl R4
since array coupling gives poor stop-band attenuation
some transducer couplings or multistrip couplings will
be necessary in most practical cases. Thus structures
such as that in Fig. 3(c) may provide a useful compro-
mise. In the examples of Fig. 6 the replacing of
transducer coupling between resonators 2 and 3 with
multistrip coupling gave somewhat inferior stop-band
performance. Another possible difficulty with the use
of multistrip coupling is that some energy would be
lost in the space between resonators 2 and 3.
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Table I

Band-pass filter parameters from low-pass prototype in

Fig. 2(a):
. - w, + W, . w, = Wy -
= , = )
w
0 2 o
w! w?
{Q J _ 90911 [Q ] _ 1% (b)
r
e, w eln w
X w _ coupling (c)
55 = w! " coefficient
303*1 50 o ne1 “1V93934
For structure in Fig. 2(b):
b b
-1 , =B (@)
TR,
€l €
J =k, . b. _ mhos (e)
S },3+1V7 9 3+1
3.3+l j=1 to n-1 JeJ )3
For structure in Fig. 2(c):
x x
1
R, = PR = 2 (£)
%) (%)
[ € 1 € n
K. . =k, . \/x.x.‘»ohms (9)
+1! +1
33* 4o ko 1 3ITE 3D
Table IT
Design in Fig. 3(a):
r = 1.011, NOl = N45 =77, le = N34 = 161, N23 = 183,
M, =W, = 15.0000, mo,=m. = 1.0000.
Design in Fig. 3(b):
r = 1.011, NRl = NR4 = 300, le = N34 = 155, N23 = 183,
mSl = mS = 12.0361, ms2 = ms3 = 1,0000,
nl = n4 =11, CT = 26.5 pf, kc = 0.2, RA = RB = 107.2,
fo = 30 MH=z.
Design in Fig. 3(c):
r = 1.011, NRl = NR2 = NR3 = NR4 = 400, le = N34 = 150,
m_q = mS4 = 12,0358, m52 =m_, = 12.0490, n, =n, = n; =
n4 = 11, CT = 26.5 pf, kC = .2, RA = RB = 106.6, C23 =
34.6 pf, £, = 30 Muz.
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Fig. 1. (a) A surface-wave resonator. (b) Its
transmission-line equivalent.
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Fig. 2. (a) A low-pass prototype filter. (b)Y, ()

Corresponding band-pass filters.
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Fig. 3.
wave resonators with various coupling arrange-—
ments.

Three, four-resonator, filters using surface-
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4. (a) Transmission-line equivalent circuit for
a surface-wave array. (b), (¢) Simplified array
equivalent circuits valid at or near resonance
when r > 1 and ¥ < 1, respectively.
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5. The solid lines show the computed response
of the example of Fig. 3(a), and the dashed lines
show the corresponding response for the example
of Fig. 3(b).
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6. The solid line shows the computed response

for the example of Fig. 3(c), while the dashed
lines shows the corresponding response using
multistrip coupling between resonators 2 and 3.



