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Abstract: A multi-objective optimum design method of the balanced Surface Acoustic Wave (SAW) filter is pro-
posed. The frequency response characteristics of the balanced SAW filters are governed primarily by their geo-
metrical structures. Besides, specifications for a balanced SAW filter is given by using several criteria. Therefore,
in order to realize desirable frequency response characteristics, the structural design of the balanced SAW filter
is formulated as a constrained multi-objective optimization problem. Then a recent Evolutionary Multi-objective
Optimization (EMO) algorithm, which is called Generalized Differential Evolution 3 (GED3), is applied to the
multi-objective optimization problem. Furthermore, in order to clarify the tradeoff relationship among the ob-
jective functions of the multi-objective optimization problem, Principal Component Analysis (PCA) is used to
assess the set of the non-dominated solutions obtained by GDE3. Finally, the proposed optimum design method is
demonstrated in the three- and the two-objective optimum design problems of a practical balanced SAW filter.
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1 Introduction tures, which are specified by some design parameters

. i such as the numbers of the electrodes of IDTSs.
Surface Acoustic Wave (SAW) filters are small,

rugged and cost-competitive mechanical band-pass In order to decide a suitable structure of the SAW
filters with outstanding frequency response character- fil Fer, _optl mum desi gn methods that cor_nbl ne f[he opti-
istics. Therefore, SAW filters have played an impor- mization a gorithm with the computer simulation have
tant role as a key device in various mobile and wire- been reported[4, 5, 6, 7]. By the way, Evolutionary
less communication systems such as persona digi- Algorithms (EAS) such as Genetic Algorithm (GA)

tal assistants (PDAS) and cellular phones[1, 2]. Re- are practical optimization algorithms and applied to
cently, the balanced SAW filter becomes widely used various optimum design problems effectively[8, 9].

in the modern Radio Frequency (RF) circuits of cel- Therefore, GAs have been also applied to the opi-
lular phones. That is because the balanced SAW fil- mum design problem of SAW filter§[10, 11]. In our
ter can provide not only the band-pass filtering func- previous paper[12], a recent EA called Differential
tion but also some externa functions such as the Evolution (DE)[13] was applied to the optimum de-
unbalance-balance signal conversion, the impedance sign problem of a practical balanced SAW filter.
conversion and so on[3]. Consequently, by using the Specifications for the balanced SAW filter are de-
balanced SAW filter, we can reduce the total number scribed by using several criteria. However, in our
of the components of the modern RF circuit, as well previous optimum design method[12], the structural
astheir mounted area. Asaresult, we can miniaturize design of the balanced SAW filter was formulated
the modern RF circuits of cellular phones. as a single-objective optimization problem. Exactly
The frequency response characteristics of SAW speaking, a single-objective function was defined by
filtersincluding balanced ones are governed primarily the weighted sum of the several criteria of the bal-
by their geometrical structures, namely, the configura- anced SAW filter. One difficulty in our previous op-

tions of Inter-Digital Transducers (IDTs) and Shorted timum design method is the choice of appropriate
Meta Strip Arrays (SMSAS) reflectors fabricated on weighting coefficients. Therefore, even if avery good

piezoelectric substrates. Therefore, in order to re- solution could be obtained for the single-objective op-
alize desirable frequency response characteristics of timization problem, we do not necessarily obtain ade-
SAW filters, we have to decide their suitable struc- sirable structure of the balanced SAW filter.
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In this paper, a multi-objective optimum design
method for balanced SAW filtersis proposed. First of
al, in order to evaluate the performance of the bal-
anced SAW filter based on the computer simulation,
the network model of the balanced SAW filter is de-
rived from the equivalent circuit model of IDT[14].
Furthermore, several criteria of the balance and the
filter characteristics of the balanced SAW filter are
defined. Then, by using these criteria, the structural
design of the balanced SAW filter is formulated as a
constrained multi-objective optimization problem.

In order to obtain various Pareto-optimal solu-
tions for the above multi-objective optimization prob-
lem, arecent Evolutionary Multi-objective Optimiza-
tion (EMO) agorithm, which is called Generalized
Differential Evolution 3 (GED3)[15], is employed.
GDE3 is an extension of DE[13] for global optimiza-
tion with an arbitrary number of objectives and con-
straints over continuous space. However, the design
parameters of the balanced SAW filter take not only
continuous values but also discrete values. Therefore,
in order to apply GED3 to the optimum design prob-
lem of the balanced SAW filter, we employ a tech-
nique that represents various design parameters by us-
ing only rea-parameterg[12]. Furthermore, Principal
Component Analysis (PCA) is used to assess the set
of the non-dominated solutions obtained by GDE3.

Finally, the proposed multi-objective optimum
design method is demonstrated on the structural de-
sign of a practical balanced SAW filter. In the op-
timum design problem of the balanced SAW filter,
three objective functions about the filter character-
istics are defined respectively within three different
bandwidths. Furthermore, besides the boundary con-
straints on the design parameters, six non-linear con-
straints are considered. GDE3 is applied successfully
to the three-objective optimization problem. Asare-
sult of PCA, it isfound that two of the three objective
functions are in the tradeoff relationship but one of
them is redundant. Therefore, the redundant objec-
tive is converted into anew constraint. Then GDE3 is
applied again to the revised optimum design problem
with two objectives and seven non-linear constraints.

2 Balanced SAW Filter

2.1 Structure and Principle

The balanced SAW filter consists of several compo-
nents, namely, Inter-Digital Transducers (IDTs) and
Shorted Metal Strip Array (SMSA) reflectors fabri-
cated on a piezoelectric substrate. Figure 1 illus-
trates a typical structure of the balanced SAW fil-
ter that consists of nine components. one transmit-
ter IDT (IDT-T), two receiver IDTs (IDT-Rs), pitch-
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Figure 1. Balanced SAW filter

modulated IDTs between IDT-T and IDT-R, and two
SMSA reflectorg[16]. In the balanced SAW filter in
Fig. 1, port-1 is an unbalanced input-port, while a
pair of port-2 and port-3 is a balanced output-port.

2.2 Network Model of SAW Filter

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 all, Fig. 2 illustrates two types of the con-
figurations of IDTs with N-pair of fingers. The be-
havior of both types of IDTs can be analyzed by using
a three-port circuit model shown in Fig. 3. port-A
and port-B are acoustic-signal ports, while port-C is
an eectric-signal port[14]. Circuit elements included
in the circuit model of IDT are given as follows.

Ajp = tanh (%) tanh(N-;)
A = FAwo
1
Z1 = tanh (N~
1 RoF. 0 (Nvs)
1
Zy = R cosech (2N ~y)
2F, Vs (D
Y, = tanh [ —
Ro (2)
[2]\7 — tanh (%) tanh(nys)]
K(sin (n%))
Cr = NC’SO—7r
K(cos (n§)>

where, the dual sign () means that the minus (—)
is for 2NV 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'(z) isthe complete elliptic
integral of thefirst kind of areal number z € IR.
Besides, shorting the electric port (port-C) of the
equivalent circuit model of IDT in Fig. 3, the equiva
lent circuit model of SMSA reflector is obtained[14].
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N = 5 (integer) N = 5.5 (half-integer)

Figure 2: Configuration of N-pair of IDT

port-1 port-2

port-3

Figure 3: Equivalent circuit model of IDT

Since the components of the balanced SAW filter
in Fig. 1 are connected acoustically in cascade on a
piezoelectric substrate, the equivalent circuit model of
the balanced SAW filter can be composed from their
components’ circuit models. Then the equivalent cir-
cuit model of the balanced SAW filter is represented
by an admittance matrix Y = [y,,] as follows.

I Y11 Y12 Y13 Vi
Iy | = | y21 y22 Y23 Vo (2
I3 Y31 Y32 Y33 V3

where, V,, and I,, denote the electric current and the
voltage of the port-p (p = 1, 2, 3) inFig. 1.
Furthermore, considering the impedances of the
input-port Z;, and the output-port Z,,:, the admit-
tance matrix Y shown in (2) can be transformed into
ascattering matrix S = [s,,| as follows[12].

b1 511 812 S13 ai
by | = | s21 S22 23 ag (3)
b3 531 832 833 as

where, S = BA~!; A and B are given as follows.

L+ Zinyir  Zinyi2 Zin Y13
A= - Zout Y21 1+ Zout Y22 - Zout Y23
— Zout Y31 — Zout Y32 I+ Zout Y33 1
1= Zinyin  — Ziny12 — Zin Y13
B = Zout Y21 1+ Zout Y22 Zout Y23
Zout Y31 Zout Y32 I+ Zout Y33 i
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From the scattering matrix S in (3), the network
model of the balanced SAW filter in Fig. 1 can be
represented graphically as shown in Fig. 4. In the
network model, nodes a, (¢ = 1, 2, 3) denote the
input signals of the balanced SAW filter, while nodes
b, (p = 1, 2, 3) denote the output signals. Scattering
parameters s,,, |abeled on edges provide the transition
characteristics from input signals g, to output signals
b,. Furthermore, apair of port-2 and port-3 of the net-
work model corresponds to the balanced output-port
of the balanced SAW filter shown in Fig. 1, while
port-1 corresponds to the unbalanced input-port.

2.3 Criteriaof Balance Characteristics

In the balanced SAW filer, it is desirable that the out-
put signals b, and b3 from the balanced output-port,
namely, a pair of port-2 and port-3 of the network
model in Fig. 4, have the same amplitude and 180
degrees phase difference through the pass-band. In
order to evaluate those bal ance characteristics, we em-
ploy two criteria that should be restricted to small
valueg4]. The amplitude balance of the balanced
SAW filter isevaluated with criterion E; in (4). Onthe
other hand, the phase balance of the balanced SAW
filter is evaluated with criterion E; in (5).

By =20 logy(|s21]) — 20 logyo([s31])

Esy = ¢(s91) — ¢(s31) + 180
where, ¢(s,,) denotes the phase angle of s,,.

(4)
()

2.4 Criteriaof Filter Characteristics

In order to evaluate the band-pass filer characteristics
of the balanced SAW filter strictly, we have to seg-
regate the differential mode signal from the common
mode signal in the network model in Fig. 4. There-
fore, according to the balanced network theory[17],
the differential mode signals ¢4 and b, are derived
froma, (¢ = 2, 3)and b, (p = 2, 3) as shown in
(6). Similarly, the common mode signals a. and b,
are also derived from them as shown in (7).

1
ag = —= (a2 —a3)
\f (6)
by = 7 (by — b3)
1
Qe = —F= (QQ + a3)
\{5 (7)
bc - ﬁ (b2 + b3)

From (6) and (7), the matrix S of conventional
scattering parameters in (3) can be converted into the
matrix S,,,;. of mix-mode ones as follows.
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Figure 4: Network model of balanced SAW filter
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where, matrix T is given asfollows.

1 V2 0 0
T=—1] 0 1 -1
V2 0 1 1

By using the above mix-mode scattering param-
eters instead of conventional ones, we evaluate the
band-pass filter characteristics of the balanced SAW
filter in the same way with the unbalanced one[7].
Therefore, the standing wave ratios of the input-port
E3 and the output-port E; can be defined by (9) and
(10). The attenuation E5 between the input-port and
the output-port is also defined as shown in (11).

1
o + |s11] )
1-— ’811‘
1
By = L 1adl (10)
1-— ‘de’
E5 =20 logyo(|sai) (11)

3 Problem Formulation

3.1 Design Parameters

In order to describe a suitabl e structure of the balanced
SAW filter, we have to select appropriate design pa-
rameters such as the numbers of fingers for IDTs, the
number of strips for SMSA, the width and the length
of electrodes, and so on. Therefore, the design param-
eters of the balanced SAW filter usualy take not only
continuous values but also discrete values.

We represent the design parameters of the bal-
anced SAW filter asx = (z1,---, xp). Besides,
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we specify the upper 2 and the lower =} bounds for
each of the design parameters x; € x asfollows.

3.2 Optimum Design Problem

By using the criteria £, (h = 1, - -+, 5) described in
the previous section, we define M objective functions
fm(x) (m = 1,---, M) and K constraints gi(x)
(k =1, ---, K). Then we formulate the structural
design of the balanced SAW filter as a constrained
multi-objective optimization problem in (13).

s fu() }
subjectto gi(x) <0, k=1,---, K.

L .
vb<a;<al j=1,-,D.

minimize { fi(x), ---
(13)

4 Differential Evolution (GDE?3)

4.1 Overview of GDE3

Differential Evolution (DE)[13] is one of the most re-
cent Evolutionary Algorithms (EAS) for solving real-
parameter optimization problems. DE exhibits an
overal excellent performance for a wide range of
benchmark problems. Furthermore, because of its
simple but powerful searching capability, DE has got
numerous real-world applicationg[18]. Recently, due
to this success, DE has been extended to other types of
problems, such as multi-objective optimization[19].
Non-dominated Sorting Genetic Algorithm-I|
(NSGA-1[20] proposed by Deb et d. is one of the
most famous Evolutionary Multi-objective Optimiza-
tion (EMO) agorithms. In order to obtain a set of
various Pareto optimal solutions, the non-dominated
sorting, ranking, and elitism techniques are utilized in
the survival selection of NSGA-I1. Therefore, some of
the multi-objective DEs have combined the effective
searching strategy of DE with the survival selection
of NSGA-II. For example, lorio and Li[21] have pro-
posed Non-dominated Sorting DE (NSDE).
Generalized DE 3 (GDE3)[15] isan extended ver-
sion of the basic DE for constrained multi-objective
optimization. The selection mechanism in GDE3 con-
siders Pareto dominance when comparing feasible so-
[utions, and weak dominance when comparing infea-
sible solutions. Feasible solutions are aways pre-
ferred over infeasible ones, regardless of Pareto dom-
inance. Furthermore, the survival selection based on
non-dominated sorting and crowding distance, which
have been contrived originally for NSGA-11{20], are
also adopted in GDE3. GDES is tested with a set
of various types of benchmark problems and results
show an improved diversity of the final solutions over
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NSGA-II as well as demonstrating a reduction in the
number of needed function evaluationg15].

4.2 Representation of Solution

GDE3 is usualy used to solve the constrained multi-
objective optimization problem over the D (D > 1)
dimensiona real-parameters. GDE3 holds Np in-
dividuals, or the candidate solutions of the muilti-
objective optimization problem, in the population. As
well as conventional real-coded GAS[22], every indi-
vidual of GDES3 is coded as a D-dimensiona real-
parameter vector. Therefore, the 4-th individual af*
(i , Np) included in the population of the
generation G (G > 0) is represented as follows.

G G G

— G
T; _(xl,’i7”'7x_j7i7”'7

D) (14)
where0<:pJG<1(]_1 -, D).

Each design parameter z; e x used to describe
the structure of the balanced SAW filter takes either
a continuous value or a discrete value. Therefore, in
order to apply GDES3 to the optimum design problem
of the balanced SAW filter formulated in (13), we em-
ploy the following technique that converts an individ-
ua x¢ into the corresponding solution [12].

In the regularized continuous search space of
GDES3, each element of theindividual 2§, € =¥’ isre-
stricted within the range between 0 and] las shown in
(14). Therefore, each element 25, € x{ is converted
into the corresponding design parameter x; € T when
the values of the objective functions f,,(x ) and/or the
constraints gx(x) are evaluated. If a design param-
gerz; € x takes a continuous value originaly, the
corresponding xj € :z:G is converted into the design
parameter asshown in (15) Onthe other hand, if ade-
sign parameter z; € x takes adlscrete value with an
interval e;, the corresponding ac . € x¢ is converted
into the design parameter as shown in (16)

(15)

U L G L
wj = (] —xf)y; + x;

G
T T )T,
i D “) ei+af  (16)

€j

U _ L)
xj :round< J

where, round(z) rounds z € IR to the nearest integer.

4.3 Procedure of GDE3

In the beginning of the procedure of GDE3, a set of
individuals ¥ (i = 1, ---, Np) are generated ran-
domly as an initia population o € PY (G = 0).
Then, in each generation G (G =0, -+, Gaz)s
GDES3 goes through each individua o' € P, which
is called the target vector, and generates trial vectors
u§ from & with the genetic operator in (17). The
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genetic operator in (17) is equivalent to the strategy
of DE caIIed“ DE/rand/1/bin” [13]. Therefore, three
individuals =%, % and =& (r1 # r2 # r3 # i) are
selected randomly from the population P<.

[ jrand = rand[l, D]
for(j =1;j < D;j =7+ 1){
if(rand[0, 1] < Cr V j = jrand){

u]CfZ = x]C'fTI + SF (ijfTQ - chfr3) 17

Yelsa{ 17)
ul = G
J7Z J7Z

where, the subscript j, € [1, D] isselected randomly.
The scale factor Sg € (0, 1+] and the crossover rate
Cr € [0, 1] are user-defined control parameters.

Before we describe the survival selection of
GDE3, wewill explain the dominance relationship be-
tween the trial vector «{* and the target vector z{'.
Weak dominance reI ation between two vectors is de-
fined such that u$* weakly dominates = iff Vm :
fn(u$) < fulz G). Dominance relatlon between
two vectors is also defined such that u¢ dominates

Giff Ym : frn(ul) < f(xf). The domlnance re-
Iatlonshlp can be extended to take into consideration
constraint values besides obj ective va ues[ 15].

Each trial vector u§ (i = 1, ---, Np) is com-
pared with the correspondlng target vector 2. Then,
accordl ng to the following rules, either the trlal vector
u§ or the target vector =¥ is selected as the member
of the next population PCerl for the time being[15].

o If both vectors are infeasible, then the trial vector
uf isselected if it weakly dominates £ in the con-
stra| nt violation space. Otherwise «$* is selected.

o If one vector is feasible and the other is infeasible,
then the feasible vector is selected.

o In the case that both vectors are feasible, then the
trial vector u$ is selected if it weakly dominates =<
in the objective function space. On the other hand,
if 2 dominates u{, then z{* is selected. If neither
vector dominates each other in the objective func-
tion space, then both vectors are selected.

After the above selection in each generation, the
size of the next population P¢*+! may have increased
over the origina size Np. If that is the case, the
size of the population P“*! is decreased back to the
original size based on a similar selection approach
used in NSGA-I1[20]. Exactly speaking, the individ-
uals of the population P“+! are sorted based on non-
dominance and crowdedness. Then the inferior indi-
viduals according to these measurements are removed
from P+ to decrease the size of P+ to Np.
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Table 1. Design parameters of balanced SAW filter

z; | (=7, 2] | e | design parameter

x1 [200, 400] — | overlap between electrodes
T2 10.0, 40.0 0.5 | number of fingers of IDT-R
3 10.5, 40.5 1.0 | dittoof IDT-T

T4 [1.0, 4.0] 1.0 | ditto of modulated IDT

x5 | [60.0, 300.0] | 10.0 | number of strips of SMSA
Te 0.2, 0.8 - metallization ratio of IDT
x7 0.2, 0.8 - ditto of SMSA

Ts 1.0, 1.1 - pitch ratio of SMSA

T9 0.9, 1.0 - ditto of modulated IDT
10 1.9, 2.1 - finger pitch of IDT

z11 | [3900, 4000] — | thickness of electrode

5 Three-objective Design Problem

5.1 Design Parameters

In order to describe the structure of the balanced SAW
filter in Fig. 1, we have selected D = 11 design pa-
rametersz; € ¢ (j =1, ---, D) asshownin Table 1.
Besides the design parameters z; € x, Table 1 shows
their upper z¥ and lower 2 bounds. Furthermore,
the intervals e; € IR of design parameters z; € x
are also described in Table 1 if corresponding design
parameters x; have to take discrete values.

5.2 Objectivesand Constraints

We formulate the structural design of the balanced
SAW filter shown in Fig. 1 as a three-objective op-
timization problem with six non-linear constraints.

First of al, the values of the criteria E}, for the
balanced SAW filter depend on both the frequency w
and the design parameters x. Therefore, we choose a
set of sample pointsw € Qp from the pass-band of the
balanced SAW filter. Similarly, we choose two sets of
sample pointsw € Q) and w € Qp respectively from
the lower and the higher stop-bands.

Because the balanced SAW filter works as aband-
pass filter, by using the attenuation F5 = F5(x, w) in
(12), we define the following three objective functions
fm(x) (m =1, 2, 3) to be minimized. The attenu-
ation of the balanced SAW to be optimized by using
three objective functionsisillustrated in Fig. 5.

Es(x, w)

= E 18

fl(:L.) UJEQL ’QL‘ ( )
Es(x, w)

— E —_—— 7 19

fz(:c) wey |QH| ( )

o) = Es(x, w)
fs(®) = (%%‘FETJ (20)

ISSN: 1109-2777

928

Kiyoharu Tagawa

O- --------------------------------

) t

k=] N

S minimize maximize minimize

E ! ‘ I 1\ !

s 1 : : 1
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R Loy P11 H |
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lower stop-band pass-band higher stop-band

frequency [MHz]

Figure 5: Three objectives for attenuation

We specify the upper Uy, (w) and the lower Ly, (w)
bounds for the other criteria £, (w, x). Then the four
of the six constraints gi.(x) < 0 (k =1, ---, 4) are
given as shown in (21). The rest two constraints are
given respectively as shown in (22) and (23).

Ex(x, w) — Uk(w)

— 21

gr(x) wezs;p o <0 (21
N Ll(w) — El(.’L', w)

gs(x) = w;sz o <0 (22
N Lz(u)) — EQ(.’L‘, w)

go(x) = %;P o <0 (23

5.3 Optimum Design Problem

From (18) ~ (23), we formulate the structura design
of the balanced SAW filter as a constrained multi-
objective optimization problem shown in (24).

minimize { fi(x), fo(x), f3(x)}

subjectto  gi(x) <0, k=1,---, 6. (24)

L .
vb<a;<al j=1,-,D.

Theobjective functions f,,, (x) and the constraints
gr(x) shown in (24) are evaluated at 401 sample
pointsw € Qp U Qp U Qy within the range between
850[MHZz] and 1080[MHZ]. The pass-band is selected
to the range between 950[MHz] and 980[MHZ].

5.4 Experiment and Result

We applied GDES3 to the three-objective optimization
problem in (24). As the stopping condition of GDE3,
the maximum generation was limited to G, = 800.
The control parameters of GDE3 were given as fol-
lows:. the population size Np = 200, the scale factor
Sr = 0.9 and the crossover rate Cr = 0.9. Theseval-
ues were decided considering the result of the empiri-
cal study about the control parameters of GDE3[23].
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Table 2: Result of PCA

C1 (2 (3
f1 | —0.615 | —0.524 | +0.588
o | —0.220 | —0.833 | +0.502
fs | +0.754 | —0.174 | +0.633
am 0.506 0.918 1.00

80

60

x X x
40 $E X

Objective Function 3

* X
20 B W X
X XX

R Incidentally, the program of GDE3 including the
oot simulator for the balanced SAW filter shown in Fig. 1
20 . 40 iscoded by MATLAB. The program spends about one
0 P hour for one run on a PC (CPU: Intel(R) Core 2).

Objective Function 2 e Objeciive Funcion 1 Figure 6 depicts all individuals of the popula-
. tions of different generations in the objective function
(&) generation: & =0 space. In Fig. 6, infeasible individuals are denoted by
cross symbol (x), while feasible ones are denoted by
circle symbol (o). Furthermore, hon-dominated feasi-
bleindividuals are denoted by blue circle, while dom-

inated feasible ones are denoted by red circle.
15 ° Comparing three populations achieved at respec-
o tive generations, we can see that the great progress of
, the multi-objective search has been made by GDES.
05 . First of al, randomly generated individuals of the ini-
. tial population (G = 0) are worse and infeasible.
However, the objective function values of all individ-
uals areimproved and alot of feasible individuals are
found after G = 200 generations. Finally, at the maxi-
-0 75 Objective Funcion 1 mum generation G4, = 800, al individuals become

feasible and they are non-dominated each other.

co
X
X
R

Objective Function 3
=
]
o]

Objective Function 2

(b) generation: G = 200

5.5 Analysisand Discussion

Asyou can seein Fig. 6, it is difficult to understand
the relationship among objectives graphically if there
are more than three objectives. Therefore, Principal

-

o
©

§06 ‘ o Component Analysis (PCA) has been used success
£ ' ol 06 fully to assess a set of the Pareto-optimal solutions ob-
: °° oo@%oé; tained by EMO algorithms[24, 25]. In order to clarify
© 02 the tradeoff relationship among the three objectivesin
0 Fig. 6 (c), we have also applied PCA to the set of the
s . non-dominated solutions obtained by GDE3.
40 s Table 2 shows the result of PCA in which eigen-
ot 00 o vectors ¢, (m = 1, 2, 3) and accumulated propor-
jectve Functon tions a,, are listed. Because an > 90[%] holds in
(c) generation: G = 800 Table 2, we may pay attention only to the first and

the second principal components. Furthermore, con-
sidering the objective functions corresponding to the
Figure 6: Progress of the population in three-objective most positive and the most negative element of the
function space (population size: Np = 200) first principal component ¢;, we can say that fi(x)
and f3(x) are the two most critically conflicting ob-
jectives. Besides, f>(x) seemsto be redundant for the
three-objective optimization problem in (24).
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6 Two-objective Design Problem

6.1 Objectivesand Constraints

From the result of PCA about the three-objective op-
timization problem in (24), we could find that the at-
tenuation E5(x, w) within the higher stop-band (w €
Q) should not be selected as the objective func-
tion. Therefore, we will move it from the objective
to the constraint by specifying its upper bound U5 (w)
(w € Qp). Then we formulate the structural design
of the balanced SAW filter shown in Fig. 1 asacon-
strained two-objective optimization problem.

First of all, we consider the same design param-
eters with those of the three-objective optimization
problem shown in Table 1. By using the attenuation
Es5(x, w), we define the following two objective func-
tions f,,(x) (m = 1, 2) to be minimized. The atten-
uation of the balanced SAW filter compelled by two
objectives and one constraint is shown in Fig. 7.

() = Es(x, w)
fiz) (wgp ] ) (25)

E5(.’L', w)
QL

fa(@) = >
we
We specify the upper Uy, (w) and the lower Ly, (w)
bounds for the other criteria £, (w, x). Then the four
of the seven congtraints gy () < 0 (k =1, ---, 4)
are given by (27). The rest three constraints are given
respectively as shown in (28), (29) and (30).

Ek(.’L', w) - Uk(W)

(26)

g(@) = WEZ;P s <0 @1
%@%1%%L“”%if%“)go (28)
g6() = ng La(w) |_Qf|2($ “) <o (29
gﬂ@=1§%1%@ﬁg;f%”)so (30)

6.2 Optimum Design Problem

From (25) ~ (30), we formulate the structural de-
sign of the balanced SAW filter as a constrained two-
objective optimization problem shown in (31).

minimize { fi(x), fo(x)}
subjectto  gi(x) <0, k=1,---, 7. (31)

L .
vb<a;<al j=1,-,D.
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6.3 Experiment and Result

We applied GDE3 to the two-objective optimization
problem in (31). Asthe stopping condition of GDE3,
the maximum generation was limited to G,,,,, = 500.
The control parameters of GDE3 were given as fol-
lows: the population size Np = 100, the scale factor
Sr = 0.9 and the crossover rate Cr = 0.9.

Figure 8 depicts al individuals of the populations
of different generations in the same way with Fig.
6. Comparing the populations achieved at respective
generations, we can observe the great progress of the
multi-objective search. Besides, we can clearly con-
firm the tradeoff relationship between two objectives
at the maximum generation (Gyq; = 500).

Applying GDE3 to the two-objective optimiza-
tion problem in (31), we could obtain 26 non-
dominated feasible solutions denoted by blue circle
in Fig. 8 (c). In order to verify the qualities of these
final solutions, we have taken two samples from them.
Figure 9 shows the attenuations E;(x, w) and the ob-

jective values (f1(x), f2(x)) of the two solutions.

7 Conclusion

A multi-objective optimum design method for bal-
anced SAW filters was proposed. First of all, the
structural design of the balanced SAW filter was for-
mulated as a constrained three-objective optimization
problem. Then GED3 was applied to the optimiza-
tion problem. In order to assess the set of the non-
dominated solutions obtained by GDE3, PCA was
employed. As a result, we could find that the two
of the three objective functions were clearly conflict-
ing but one of them is redundant. Therefore, two-
objective optimization problem was formulated and
GDE3 was applied to the optimization problem again.
Future work will focus on the further investiga-
tion of the set of the Pareto-optimal solutions in the
design parameter space. Thereby we would like to
clarify the relationship between the structure and the
frequency response of the balanced SAW filter.
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