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ABSTRACT

The SAW device is extensively used as a electro-mechanical band-pass filter in which a two-pairs of interdigital transducers are
provided over the surface of the piezoelectric substrate. For the design requirement, the central frequency and the bandwidth of the
passband, and the attenuation level of the stopband region are specified. The configuration is made so as to satisfy the
specification given. The central frequency is mainly determined by the distance between the pair of the finger electrodes. The
design is considered as an optimization problem with which the error norm, the distance between the desired characteristics and
the calculated for a given model is to be minimized. The delta function model and the electrical equivalent circuit mode} are
utilized to represent the SAW filter characteristics. Genetic algorithm is used for optimization in which apodization of the
transducer fingers is chosen as a design variable.
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| . Introduction Lord Rayleigh in 185 who made a

mathematical discussion referring to a homo-
Surface acoustic waves (SAW) are the elastic

waves that propagate over the free surface of a
solid material [1,2]. They were first reported by

geneous isotropic elastic body. SAW devices are
an _electro-mechanical system making use of
this phenomenon. The application is extensively

RIUHD oS AR EENBHE - sadgradsd
HEYXE : 2008, 10. 24

1767



VLA FHREANEGI=EA A7 A8E

practiced as filtering and signal processing
devices, which are used for middle frequency
filters in televisions, the filters and oscillators in
mobile communication sets because of their
small size and high performance capability.

In this paper, the optimization of the fre-
quency characteristics in SAW filter design is
discussed. A SAW filter basically consists of a
pair of transducers, an input interdigital tran-
sducer (IDT) and an output IDT, provided on
the surface of a piezoelectric substrate over
which the waves propagate. A voltage source is
connected to the input IDT and a load resi-
stance to the output IDT. Thus, the electrical
energy is converted into mechanical energy due
to the piezoelectric effect with the input IDT
and mechanical waves transport the energy
over the substrate surface to the output IDT
where the mechanical energy is again converted
to the electrical energy. This mechanism forms
an electrical filtering device between the pairs
of electrical terminals. Fig. 1 shows a conf-
iguration of the SAW filter. There are many
models possible to describe the SAW filters. For
the analysis and design, two models, a delta
function model and an equivalent circuit model
are employed.

The IDTs play an important roll for the
frequency characteristics of SAW filter. The
apodization in the input IDT is chosen to be the
optimization variable. The delta function model
and the equivalent circuit model are considered
for the calculation of frequency characteristics
of SAW filters. Genetic algorithm (GA) is
utilized for the optimization.

II. Delta Function Model

The delta function model [1,2,6] simply

counts the time delay of the wave propagation.
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It is the simplest model to express the
transmission characteristics of the filter, that
provides a preliminary information for the tra-
nsfer function or the filter response in bidi-
rectional devices. It has the drawback which
cannot include the effect of the velocity change
due to the electrode mass loading and the
electro-mechanical interactions, second-order
effects like triple-transit echo (TTE) and the
propagation loss.

Fig. 1(a) shows the filter configuration. The
output signal of the input IDT or the response

h (P is given by [1,2]
M
h(t) = MZJIWma(t—xm/v) M

at x=0, where W, is a weighting figure
corresponding to the finger overlap rate of the
mth finger pair, x,=mp=mA/2 (m is in-
teger), and A= v/f,. v is the surface wave
velocity over the substrate and f; is the central
frequency. It is represented by the impulse
signals as shown in Fig. 1(b) on the right.
Therefore, the frequency characteristics of the
input IDT is given by the Fourier transform of
the impulse train in Fig. 1(b) on the right,
which is given as

Output IDT

Input IDT
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Fig. 1 (a) A Bidirectional SAW Filter and
(b) its Corresponding Delta Function Representation

u
H(w) = ’Z,IW,,,Cmexp(—jkxm) @)

where M is the number of fingers in input
IDT. k= w/v=2xaflv, C,=(—1)""} and w
is angular frequency. The frequency charact-
eristics of the output IDT is similar to Eq.(2)
but with constant W, given by

N
H(w)= El%cnexp(—jkx,,) 3

where W, is the finger overlap rate of the
finger pairs, N is the number of input IDT,
x,=np=nA2 and C,=(—1D""' (1 is
integer).

A total frequency characteristics of a bid-
irectional SAW filter is thus given by

H(w)=H,/(w) Hfw) exp(— jkd) (4)

where d is the distance between the input IDT
and the output IDT.

ill. Equivalent Circuit Model

The equivalent circuit model [1-3,6,7] is derived
from the Mason's equivalent circuit originally
employed for modelling acoustic bulk wave piez-

oelectric devices. Smith’s 1st model as the equi-

valent circuit model is used in this paper, shown in
Fig. 2, in which one periodic section of the IDT is
modeled as a three-port network consisting of a
pair acoustic ports with an electrical port, in which
mechanical stress corresponds to the current. A
three-port network expression is given from Fig. 2

as
I Yo Y Yl [E

I, aYp Yy E, 5)
I st L2 L33 3

where

Yy =Yp,= —jGocot—Zi

Y,,= jGocosec—g-
Yl3 = - Y23 - _]Gotanje
. Cs .
Y33 = ](l)_2—+]260tan70
Y=Y,
= ol _ 5 [
7 ” 27[},0

Y ; of the transducer electrodes are given by the
N cascade connection of the three-port network.

The F parameter of the SAW filter is derived
for the frequency characteristics evaluation, which
is defined as shown in Fig. 3. It is a cascade
connection of F parameter of the input IDT, the
propagation line and the output IDT as shown in
Fig. 4.
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Fig. 2 Smith's 1st Model
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Fig. 3 F Parameter Representation of a SAW Filter
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Fig. 4 F Parameter Representation of Each Section

As the F parameter of each section is known, the
total F parameter of the SAW filter is determined
to have the expression

[Zl=& 5] @

The frequency characteristics of the SAW filter
is thus obtained to give

E
- =3
_ ¢ DY, ) o
= |atB Y+

IV. Optimization and Genetic Algorithm

The objective function for the frequency
characteristics optimization is defined as

_1 & _ 2
€= ]ZJD( w;)— H(w;)| 8
where D(w;) is the desired characteristics on the

frequency point j that is given, H(w;) is the

calculated characteristics on the same frequency
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point. L is the number of evaluation points in the
frequency which is chosen to be 128.

The GA is a search algorithm based on the
mechanism of natural genetics and natural selection.
It helps not to take the local optimum but to
converge to the global optimum [3-58].

The progress of the iterative calculation made
through the following steps :

1. It first generates an initial population using
random function. Each
structured binary 16xN bit, where N is
chosen to be 8 (See Fig. 5). It is transformed
to the real variable as

chromosome are

_ (X o =X n)K
where X (S X<X, . ad K is a

decimal number.

2. The error is calculated between the desired
characteristics and the frequency charact—
eristics evaluated each generation.

3. Then, the next—generation-population is deter-
mined out of the existing population.

4. The reproduced individuals are crossed by
using the cross-over-operator.

5. The separate bits are swapped by the mut-
ation operator. The next-generation- popul~
ation is thus made out.

The progress from step 2 to step 5 is iteratively
repeated until 20000th generations, in which popu-
lation is chosen to be 30, crossover rate be 0.3,
mutation rate be 0.02, and one-point crossover is
used.
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Fig. 5 Relation between Chromosome’s Structure and
input IDT’s Electrodes

V. Numerical Demonstration for Filter
Design

The width of electrodes or the distance
between each electrode pair, and the length of
each electrode can be design parameters in a
SAW filter. Here is only concerned with the
length variation of the electrodes (Apodization)
in the input IDT for the optimization of the
frequency characteristics.

In the filter design, specification will be given for
the bandwidth of the passband, the ripple in the
passband and the level of the attenuation over the
stopband. If the following two conditions are all
qualified, a SAW filter is considered to be properly
designed.

1. The bandwidth (4f=f,~f,=-3dB point
frequencies in the passband) and the ripple in
the passband must be below an assigned value
respectively.

2. The attenuation over the stopband must be
below an assigned value.

For all the calculation to follow, it is assumed
that input IDT consists of 15 and a half pairs(31
fingers) and the output IDT consists of 5 pairs(10
fingers).

The specification s that

1. The bandwidth of the passband is 12.5%
(= A4f/f;x100%, for the central frequency).
The ripple in the passband is within -3dB.

2. The attenuation over the stopband must be
below an assigned value.

3. The siderobe level over the stopband is below
-40dB.

For the demonstration, the realistic concrete

parameters are chosen as follows. The central

fo=4MHz or A;=872um The

material of the substrate is YZ-lithium niobate in

frequency

which the surface acoustic velocity v= 3488 /s
The length of the IDT

Wy = 1004, The electro-mechanical coupling coe-

electrode output
fficient K°=4.6%. The capacitance/finger pair/m
is Co=460pF/m. a;=0.0 and d=204, are
taken in Eq.(5). C,=C,W, Y,=8Kf,C.N,
Y,=8K%f,C,N;, where N, and N, are the
number of the input IDT and that of the output
IDT  finger Y,=1/50[B] and

Y, =1/50[5].

pairs.

5.1 Delta Function Model

The frequency characteristics of input IDT only
is first considered. The frequency characteristics
achieved is shown in Fig. 6. The circles in the
-3dB points and corresponding

figure indicate

-frequencies in the passband and the horizontal line

indicates a -40dB line, the attenuation required over
the stopband. The fine line, the dotted line, and the
bold line represent the results at iteration k = 200,
1500, and 20000. The weighting or the length of
each electrode is shown in Fig. 7. The progress of
the mean square error calculated by Eq.(8) is
shown in Fig. 8 There is no change in the mean
square error after about 7500th iterations. The
desired frequency characteristics is achieved at
about 7500th iteration. The distribution of each
individual in the genetic algorithm are shown ‘in
Fig. 9. From the top, it corresponds the lst, 6th,

1771



FRHFHREAGI=EA] ATH A8

11th and 16th finger of the input IDT. The
individual has reached an optimum value, 0.00392,
0.0698, 053726 and 1 with the progress of the
generation.

Amplitude [dB]

Normalized Frequency

Fig. 6 Frequency Characteristics of Input IDT only
[Delta Function Model]
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Fig. 7 Weighting on the Input IDT in Fig. 6
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Fig. 8 Mean Square Error in Fig. 6
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Fig. 9 The Distribution of Each Individual in Fig. 6

Secondly, the total frequency characteristics of
SAW filter is calculated including the characteristics
of the output IDT. The frequency characteristics
can be evaluated by Eq.(3). The total frequency
characteristics and the weighting of each electrode
in the input IDT are shown in Fig. 10 and Fig. 11
respectively. The circles and the horizontal line
indicate the same as before. The progress of the
mean square error is shown in Fig. 12. It has
cleared the desired frequency characteristics.

Amplitude [dB]
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Normalized Frequency

10 Freguency Characteristics of the SAW filter
[Delta Function Model]

Fig.
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Fig. 12 Mean Square Error in Fig. 10

The execution time is about 60 seconds until
20000th iteration. The computer used for the sim-
ulation is a PC with DEC ALPHA 21164 Chip (533
MHz). The language is Fortran 77. The compiler is
DIGITAL Fortran.

5.2 Equivalent Circuit Model

The frequency characteristics and the weighting
of each electrode in the input IDT are shown in
Fig. 13 and Fig. 14. The progress of the mean
square error is shown in Fig. 15. There is no
change in the mean square error after about 2500th
iterations. The desired frequency characteristics is
reached at about 2500th iteration. The time signal
by inverse Fourier transform of Fig. 13 is shown in
Fig. 16. The triple transit echo appears perhaps due
to the reflection between input IDT and output IDT.

The execution time is as much as 3 hours until
20000th iteration. The apodized results achieved are

similar to that of the delta function model
However, it is sometimes experienced that initial
seed of the finger lead fluctuation. The relief for
this symptom is to modify the initial seed slightly.

o
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Fig. 13 Frequency Characteristics of the SAW filter
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Fig. 16 A Time Signal corresponding to the
Frequency Characteristics in Fig. 13

Vi. Conclusions

The present paper demonstrated a design
methodology of the SAW filters. The SAW filter
expressed by the delta function model and the
equivalent circuit model and their characteristics
were considered for the optimization using genetic
algorithm to meet the specification given. Apo-
dization is chosen to be a design variable. Both
modellings bring the similar result, though the latter
modelling requires much longer execution time. The
latter model will be preferable as it can include the
effects of the insertion loss, the effect of the
electro-mechanical coupling and the second-effects
like the triple transit echo.
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