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Abstract: An optimum design technique for balanced surface acoustic wave (SAW) filtersis proposed. First of al,
in order to evaluate the performance of balanced SAW filters by the computer simulation, a numerical model of
balanced SAW filtersis derived by using mixed-mode scattering parameters. Then the structural design of balanced
SAW filtersisformulated as afunction optimization problem that aimsto improve their balance characteristics and
satisfy specifications for filter characteristics. Furthermore, in order to solve the function optimization problem
successfully, asimple and efficient global optimization method, i.e., the differential evolution (DE), is employed.
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1 Introduction

Recently, Surface Acoustic Wave (SAW) filters have
played important roles as key devices for various
mobile and wireless communication systems, such
as Personal Digital Assistants (PDAS) and cellular
phones[1, 2]. Especialy, balanced SAW filters are
used widely in the modern RF (Radio Frequency) cir-
cuitsof cellular phones. Balanced SAW filters provide
not only the band-pass filtering function but also some
external functions such as unbalance-balance conver-
sion and impedance conversion. Therefore, by using
balanced SAW filters, conventional balun coils and
matching devices can be omitted. As a result, the
whole RF circuit design is simplified[2].

The frequency response characteristics of SAW
filters are governed primarily by their geometrical
structures, namely, the configurations of Inter-Digital
Transducers (IDTs) and Shorted Metal Strip Array
(SMSA) reflectors fabricated on piezoelectric sub-
strates. Therefore, in order to realize desirable filter
characteristics by SAW filters, several optimum de-
sign techniques coupling optimization methods with
computer simulations are employed to decide their
suitable structureq[3, 4, 5, 6]. However, conventional
optimum design techniques for SAW filters can’t be
applied directly to the structural design of balanced
SAW filters. That is because not only the filter char-
acteristics but also the balance characteristics of bal-
anced SAW filters have to be considered in their struc-
tural design based on the computer simulation.

In this paper, an optimum design technique for
balanced SAW filters is proposed. First of dl, in or-
der to evaluate the performance of balanced SAW fil-
ters by the computer simulation, a numerical model
of them isderived by using mixed-mode scattering pa
rameters (s-parameters)[ 7]. Then the structural design
of balanced SAW filters is formulated as a function
optimization problem that aims to improve both the
balance characteristics and the band-pass filter char-
acterigtics. Incidentally, traditional equivalent circuit
modes of SAW filters have been aso used in the de-
sign of balanced SAW filterg8]. However, equiva
lent circuit modes become too complex to simulate the
whole behaviors of balanced SAW filters.

For solving the above function optimization prob-
lem successfully, differential evolution (DE) is em-
ployed. DE is agloba optimization method belong-
ing to evolutionary computation[9]. Since DE ismore
simple and efficient in comparison with Genetic Al-
gorithm (GA), it is often applied to practical large-
sized optimization problem[10]. In this paper, a ba-
sic DE (DE/rand/1/bin)[9] is chosen from several DE
versions because of it simplicity. However, in order
to enhance the search ability of the basic DE, a dis-
torted problem space of the structural design of bal-
anced SAW filters is embedded dexterously in aregu-
larized continuous search space. Finally, through the
computational experiments conducted on a practical
balanced SAW filter, the usefulness of the proposed
optimum design technique is demonstrated.
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2 Balanced SAW Filter

2.1 Basic Structure and Principle

Figure 1 shows a typical structure of the balanced
SAW filter, which consists of five components. one
transmitter IDT (IDT-T), two receiver IDTs (IDT-R)
and two grating reflectors realized by SMSAs. Each
of IDTs is composed of some pairs of electrodes
called fingers and used for SAW excitation and detec-
tion. Even though the balanced SAW filter is a kind
of resonator-type SAW filter that has a symmetrical
structure[ 6], the polarities of the two receiver IDTS
electrodes are designed to be opposite. Therefore, a
pair of port-2 and port-3 in Fig. 1 provides a balanced
output-port for operating a differential mode signal,
while the port-1 connected to the transmitter IDT is
an unbalanced input-port of a single mode signal.

2.2 Modeing and Simulation

In order to analyze the frequency response character-
istics of balanced SAW filters based on the computer
simulation, a numerical model of them is derived.
First of al, the behavior of each IDT with N-pair of
fingers can be analyzed by using a three-port circuit
illustrated in Fig. 2: port-a and port-b are acoustic
ports, while port-c is an electric port[11]. Circuit ele-
mentsincluded in Fig. 2 are given as follows.

Aijg = tanh (%) tanh(N+ys)
Ay = FAw
1
1 = tanh (N,
1 Ro F. anh(Nvs)
1
Zy = R T cosech(2N~y)
2F, Vs (D
Yy = WL
m o tan (2)
{2]\7 — tanh (%) tanh(N’ys)]
K<sin <ng>)
Cr = NQC4——%L
T
K(cos <n§)>

where, the dual sign () means that the minus (—)
is for 2V being an even number, while the plus (+)
isfor 2N being an odd number. R, denotes charac-
teristic impedance. F; isimage admittance and ~; is
image transfer constant. K (u) isthe complete elliptic
integral of thefirst kind of areal number u € IR.
Furthermore, shorting the electric port (port-c)
of the equivalent circuit model of IDT in Fig. 2,
the equivalent circuit model of SMSA reflector is

port-1
SMSA 4 TIDT-T 4 SMsA
IDT-R § o 4 IDT-R
port-2 port-3

Figure 1: Balanced SAW filter

port-a port-b

port-c

Figure 2: Equivalent circuit model of IDT

obtained[11]. Since the components of a SAW filter
are connected acoustically in cascade on a piezoel ec-
tric substrate, the equivalent circuit model of the SAW
filter can be composed from their components' circuit
models. For example, the equivalent circuit model of
the balanced SAW filter shownin Fig. 1isrepresented
by a six-port circuit in Fig. 3: a pair of port-2 and
port-3 corresponds to the balanced output-port, while
port-1 is the unbalanced input-port. Also, (;, and C,
denote coupling capacitances between one transmit-
ter IDT and two receiver IDTs. The difference of the
two values of Cj, and C, (C, > C,) deteriorates the
balance characteristics of the balanced SAW filter.
Terminating extra ports of the circuit model in
Fig. 3, the balanced SAW filter shown in Fig. 1is
represented by an admittance matrix Y as follows.

Y11
Y21
Y31

Y12
Y22
Y32

Y13
Y23 (2
Y33

Y =

Furthermore, considering the impedances of the
input-port Z;,, and the output-port Z,,;, the admit-
tance matrix Y in (2) can be transformed into a so-
called scattering matrix .S as follows[12].

811 812 S13
-1
S=BA " =] s21 S22 523 (3)

531 S32 533

where, matrixes A and B are given as follows.
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Figure 3: Circuit model of balanced SAW filter
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Figure 4: Network model of balanced SAW filter
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From the scattering matrix .S in (3), a three-port
network model of the balanced SAW filter is derived
as shown in Fig. 4: apair of port-2 and port-3 cor-
responds to the balanced output-port, while port-1 is
the unbalanced input-port. Signals entering the SAW
filter from the outside enter at a;, (kK = 1, 2, 3) nodes
and signals leave the network through &, nodes. The
three-port network model in Fig. 4 can be also used to
graphically visualize the signal flow between ports of
the balanced SAW filter and simplify its analysis.

2.3 Balance Characteristics

In order to evaluate the balance characteristics of bal-
anced SAW filters, two criteria are used. It is desir-
able that the output signals from the balancing ports,
namely port-2 and port-3 in Fig. 4, have the same am-
plitude and 180 degrees phase difference. Therefore,
the amplitude balance of balanced SAW filtersis eval-
uated by criterion I'y in (4), and the phase balance is
also evaluated by criterion I'; in (5). As previously
said, in an ideal balanced SAW filter, both of criteria
I’y and T’y are equal to zero through the pass-band.

I'1 = 20 logy(|s21]) — 20 logyo([s31]) (4)

Iy = ¢(s21) — ¢(s31) + 180 ©)
where, ¢(s;;) denotes the phase angle of s;;.

2.4 Filter Characteristics

In order to evauate the frequency response charac-
teristics of balanced SAW filters strictly, differential
mode signals and common mode signals need to be
segregated in the three-port network model in Fig. 4.
According to the theory of balanced network[7], the
entering signals a;, (k = 2, 3) and leaving signals b
of the balanced output-port are reorganized into two
mode signals: differential mode signals (¢z and b,) in
(6) and common mode signals (a. and b,.) in (7).

a ! (ag — as)
d = —= (a2 —as3
vz ©
b = s (b =)
1
ac = ﬁ(aﬁag)
1 U
bc == ﬁ(bQ"‘bg)

From (6) and (7), conventional s-parameters in
(3) are converted into the mix-mode s-parameters as
follows, where s1; and syy are referred as reflection
coefficients, and sy is transmission coefficient[7].

511 S1d  Sic
-1
Smiz =T ST = Sdl  Sdd Sdc (8)
Scl  Sed  Sce

where, matrix 7" is given as follows.

) V2 0 0
T=— 1| 0 1 -1
V2 0 1 1

In order to evaluate the frequency response char-
acteristics of SAW filters, three criteriaare used. From
the above reflection coefficients in (8), standing wave
ratios I's and I'y are defined for the input- and output-
ports of balanced SAW filters as follows.

1

r, — + [s11] )
1 — ‘811|
1

r, — 1t 1sad (10)
1-— ]sdd\

Besides them, from the transmission coefficient
in (8), attenuation I'; is also defined as follows.

I's = —20 10g10(|5d1|) (11)
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3 Problem Formulation

The structural design of balanced SAW filters is for-
mulated as an optimization problem. First of all, we
define the decision variables of the optimization prob-
lem. The frequency response characteristics of SAW
filters depend on their structures, or the configura-
tions of components fabricated on piezoelectric sub-
strates. Therefore, as well as conventional optimum
design techniques for SAW filters, design parameters
describing the structure of a balanced SAW filter are
selected as decision variables: = (a1, ---, xp).
For example, the numbers of IDTS' fingers, the num-
ber of SMSAS dtrips, and the overlap between elec-
trodes are included in decision variables. Also, the
values of respective decision variables z; € = are
bounded by their parametric limitations as follows.

Secondly, we define the objective function of the
optimization problem. Let €2, be a set of frequency
points sampled from the pass-band of the balanced
SAW filter. Also let Q; be a set of frequency points
sampled from the stop-band. The desirable filter char-
acteristics of the balanced SAW filter is specified by
the upper U, (w) (r = 3, 4, 5) and the lower L, (w)
bounds of the criterial’, (w, ) at w € ,UQ,, where
the values of criteria depend on both the frequency w
and the decision variables . Therefore, considering
al criterial. (r = 1, - -+, b) for the SAW filter, the
objective function f(x) is defined as follows.

5

fl@) =3 % fol@) + ‘g—ﬁ, fol(@)

r=1

(13)

where, o, (a,, > 0) denote weighting coefficients.

| hi@) = w%; i(w, z)°
fa(®) = wg" Da(w, z)°
f3(®) = wg” max{ [3(w, ) — Us(w), 0}
fa(®) = w;: max{ [y(w, @) — Us(w), 0}
f5(®) = w%;" max{ Ls(w) — T's(w, @), 0}
fo(®) = E; max{I's(w, #) — Us(w), 0}

From (12) and (13), the structural design of bal-
anced SAW filters can be formulated precisely as a
function optimization problem as follows.

minimize f(x) 1

sub. to , Tp_1) € X

x = (9, -
where, X' denotes a set of feasible solutions, or the
problem space, satisfying the conditionsin (12).

4 Differential Evolution

Differential Evolution (DE) is an efficient global
optimization method applicable to non-differential,
nonlinear and multimodal function optimization
problemg9]. Therefore, in order to solve the opti-
mization problem in (14), abasic DE is employed.

Since DE is an evolutionary computation, it ex-
ecutes a parallel direct search which utilizes NP D-
dimensional parameter vectors v, (i = 1, ---, NP)
as a population for each generation G. The initial
population is chosen randomly. Then DE generates
anew parameter vector by adding the weighted differ-
ence between two vectors to a third vector in the cur-
rent population. This operation is called “mutation”.
The mutated vector’s parameters are then mixed with
the parameters of another predetermined vector, or the
target vector, to create the so-called trial vector. This
parameter mixing operation is called “crossover”. If
thetrial vector yields alower objective function value
than the target vector, the trial vector replaces the tar-
get vector in the following generation. This last op-
eration is called “selection”. Each vector in the pop-
ulation has to serve once as the target vector so that
NP competitions take place in one generation. The
procedure of DE is detailed in the literature]9].

In order to apply the above basic DE to the opti-
mum design problem of balanced SAW filtersin (14)
effectively, the distorted problem space x € X isem-
bedded in a regularized continuous search space for
DE. Exactly, the decision variables z; € = € X are
represented by the DE's parameters v; € vi, € IRP.
Furthermore, the respective parameters values v; €
v, arerestricted in the search space as follows.

0<v; <1, j=0,---,D—-1 (15)

Then each v; € v, in (15) is converted into the
decision variable z; € « € X of the optimization
problem in (14) when the abjective function value
f(z) of z € X isevauated based on the vector .
If the decision value z; € T has to take areal number,
the corresponding v; € vy, is converted into z; € x
as shown in (16). On the other hand, if z; € = hasto
take a discrete value with an interval ¢;, v; € vy is
converted into z; € & asshown in (17).
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Figure 5: Practical balanced SAW filter

Table 1: Problem space

|z | [z, 7] | design parameter |
xo | [200, 400] | overlap of electrodes
x1 | [10.0,  20.0] | fingers' number of IDT-R
zo | [15.5, 25.5] | ditto of IDT-T
z3 | [1.0, 3.0] | ditto of modulated IDT
x4 | [5O, 150] | strips’ number of SMSA
x5 | [0.4, 0.6] | metallization ratio of IDT
xe | [0.4, 0.6] | ditto of SMSA
x7 | [0.91, 0.92] | pitchratio of IDT
xg | [1.00, 1.05] | ditto of SMSA
xg | [1.95,  2.05] | finger pitch of IDT
x10 | [3900, 4000] | thickness of electrode
zj = (T — Ej) vj +Z; (16)
T5 = fix <7(1’] e.zj) Uj) €; —|—£j (17)
J

where, fix(u) converts areal number v € IR into an
integer by omitting the lower than the decimal point.

5 Experimental Results

The optimum design technique using DE is applied
to the structural design of a practical balanced SAW
filter in Fig. 5, which consists of nine components in-
cluding pitch-modulated IDT9[13]. Table 1 shows the
problem space of the optimization problem, namely,
the upper z; and the lower z; bounds of D = 11 de-
sign parameters z; € « (j = 0, ..., D —1). The
objective function f(x) in (13) is evauated with 401
frequency points. Also, the pass-band of the SAW fil-
ter is specified by the range: 950 ~ 980 [MHZ].

The basic DE was then applied to the optimum
design problem 20 times with NP = 50. Each run of
DE spent about 20 minutes on a personal computer.
Table 2 shows the experimental results averaged over

Table 2: Experimental results

G=0 G = 100

D=1l . F .

F(x*) | 3.357 | 0.3811 | 2.075 | 0.002
fi(@®) | 1776 | 45.79 | 72.77 | 1.019
fo(@*) | 940.1 | 103.6 | 634.4 | 3.954
Fs(x*) | 38.74 | 11.51 | 26.07 | 1.479
Fi(z") | 39.06 | 12.22 | 27.01 | 1.481
f5(@*) | 9.147 | 4.030 | 5.907 | 0.530
fo(z*) | 38.00 | 14.19 | 21.59 | 1.375

20 runs. In Table 2, the best objective function val-
ues f(a*) of the best solutions «* obtained at the ini-
tidl (G = 0) and the final (G = 100) generations
are described with their partial function values f,. (*)
(r =1, ---, 6) defined in (13). Besides the averages
of function values f, the standard deviations of them
oy are also described in Table 2. From the results in
Table 2, we can confirm that the final solutions are
superior to theinitial onesin all criteria L.
Observing the frequency response characteristics
of the balanced SAW filter yielded by the best solu-
tion, we have verified the usefulness of the optimum
design technique. For example, Fig. 6 shows the
phase balance I';(w, x*) defined in (5) for the best
solution x* obtained by DE. From Fig. 6, we can
confirm that the phase balance I'; (w, «*) holds nearly
zero through the pass-band w € €,. Also, Fig. 7
shows the attenuation I's (w, «*) defined in (11) with
the upper Us(w) and the lower Ls(w) bounds of the
criterion plotted by broken-line. From Fig. 7, we
can confirm that the attenuation I's (w, «*) meets the
specifications for a desirable balanced SAW filter.

6 Conclusion

An optimum design technique for balanced SAW fil-
ters using DE was proposed. First of all, in order
to evaluate the performance of balanced SAW fil-
ters based on the computer simulation, a numerical
model of them was composed by using mixed-mode
s-parameters. Then the structural design of balanced
SAW filterswas formulated as afunction optimization
problem for improving them in both the balance char-
acteristics and the filter characteristics. For solving
the optimization problem, a basic DE was employed.
In this case, in order to enhance the search ability of
the basic DE, the distorted problem space of the func-
tion optimization problem was embedded in a regu-
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Figure 7: Filter characteristics (attenuation)

larized continuous search space. Finally, through the
computational experiments conducted on a practical
balanced SAW filter, the usefulness of the proposed
optimum design technique was demonstrated.

Future work will focus on the revision of the basic
strategy of DE used inthistime. Since several variants
of DE have been proposed[9], we would like to try
them as well as other optimization methods14].
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