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ABSTRACT
This book presents a new global optimization technique using Taguchi’s method and its applica-
tions in electromagnetics and antenna engineering. Compared with traditional optimization tech-
niques, Taguchi’s optimization method is easy to implement and very efficient in reaching optimum 
solutions.

Taguchi’s optimization method is developed based on the orthogonal array (OA) concept, 
which offers a systematic and efficient way to select design parameters. The book illustrates the 
basic implementation procedure of Taguchi’s optimization method and discusses various advanced 
techniques for performance improvement. In addition, the integration of Taguchi’s optimization 
method with commercial electromagnetics software is introduced in the book.

The proposed optimization method is used in various linear antenna arrays, microstrip filters, 
and ultra-wideband antenna designs. Successful examples include linear antenna array with a null 
controlled pattern, linear antenna array with a sector beam, linear antenna array with reduced side 
lobe levels, microstrip band stop filter, microstrip band pass filter, coplanar waveguide band stop 
filter, coplanar ultra-wide band antenna, and ultra-wide band antenna with band notch feature.

Satisfactory results obtained from the design process demonstrate the validity and efficiency 
of the proposed Taguchi’s optimization method.

Keywords
antenna array, microwave filter, optimization method, orthogonal array, Taguchi’s method,  
ultra-wideband antenna.
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Introduction

1.1        BACKGROUND
The purpose of optimization is to try to achieve the best result [1]. By adjusting input parameters, 
the process of optimization seeks for a better output so that the performance of a system, such as 
quality, monetary cost, and efficiency, can be improved.

Optimization can be applied to a variety of areas and has received great attention recently. 
Thanks to the rapid development of computer technology, many optimization techniques such as 
genetic algorithm (GA), particle swarm optimization (PSO), simulated annealing (SA), artificial 
neural network (ANN), and gradient-based techniques have been implemented by computer codes. 
Currently in the field of electromagnetics (EM), many microwave circuits and antenna designs 
rely on optimization techniques [2–4]. Traditional methods, such as the trial-and-error approach, 
require many experiments to obtain an optimum or a satisfactory result. Therefore, an optimization 
technique is necessary for EM applications.

In general, optimization methods can be divided into two categories: global and local tech-
niques. Global techniques have several advantages. For example, their solutions are largely independent 
of initial conditions. In addition, they are capable of handling discontinuous and nondifferentiable 
objective functions. Furthermore, global techniques exhibit good performance when dealing with 
solution spaces that have discontinuities, constrained parameters, and a large number of dimensions 
with many potential local maxima. However, a main drawback is that the convergence rate is slow. In 
contrast, for the local techniques, the main advantage is that the solution converges rapidly. However, 
local techniques depend highly on the starting point or initial guess. In addition, local techniques 
react poorly to the presence of discontinuities in solution spaces. 

Table 1.1 shows the characteristics comparison of various optimization techniques [5] that 
are commonly used in the EM field. GA, SA, PSO, and Taguchi’s method are considered as global 
optimization methods while gradient-based methods are local optimization methods.

In EM applications, global methods are favored over local methods. Global techniques yield 
either a global or near global optimum instead of a local optimum. They often find useful solutions 
when other local techniques fail. Global methods are particularly useful when dealing with new 
problems in which the nature of the solution space is relatively unknown.

chapter        1
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1.2        TAGUCHI’S METHOD
1.2.1     Objective
In general, experiments are used to study the performance of systems or processes. According to the 
results of the current experiment, one may adjust the values of system parameters in the next experi-
ment to achieve a better performance, which is called a trial-and-error approach. The drawback of 
this strategy arises when the obtained result is not the optimum or the system requirements cannot 
be satisfied after a large number of experiments. Alternatively, researchers may want to test all com-
binations of parameters in an experiment, which is called a full factorial experiment. This strategy can 
cover all possibilities in the experiment and determine the optimal result. However, it will run too 
many trials and hence cost much time and money in practice. 

To solve the above difficulties, Taguchi’s method was developed based on the concept of the 
orthogonal array (OA), which can effectively reduce the number of tests required in a design process 
[6]. It provides an efficient way to choose the design parameters in an optimization procedure. Al-
though Taguchi’s method has been successfully applied in many fields such as chemical engineering, 
mechanical engineering, integrated chip manufacture, and power electronics [7–10], it is not well 
known in the EM community. Only limited applications are available for design of absorbers [11], 
[12], electrically conductive adhesives [13], diplexers [14], statistical characterization of microwave 
circuit parameters [15], and linear antenna array synthesis [16], [17]. A major goal of this book is 
to further expose Taguchi’s method to the EM community and to demonstrate its great potential 
in EM optimizations.

Based on the authors’ experience, Taguchi’s method has the following advantages:
simple implementation;
effective reduction of test trials;
fast convergence speed;
global optimum results;
independence from initial values of optimization parameters.

1.2.2     Research Work
This book covers both the algorithm development and EM applications of Taguchi’s method. Fig-
ure 1.1 depicts the conceptual flow graph used for the organization of this book. The following 
notes give some introductions to each of the remaining chapters.

Orthogonal arrays play an essential role in Taguchi’s method. The fundamental concepts of 
OAs are presented in Chapter 2. For certain applications, one may want to create an OA by a com-
puter code. Therefore, an OA construction algorithm that can construct an arbitrary odd-level and 
two-strength OA is presented in Chapter 2 as well. 

•
•
•
•
•
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The detailed implementation procedure of Taguchi’s method is presented in Chapter 3. To 
show the global optimization ability of Taguchi’s method, complex two-dimensional test functions 
with many local maxima/minima are used as examples. Optimization results demonstrate the excel
lent performance of searching for the global optimum. Some further improvement techniques of 
Taguchi’s methods are also presented in Chapter 3. In addition, the OA concept can be used to en
hance the performance of other optimization approaches such as PSO [18]. It is demonstrated in 
Chapter 7 that the optimization efficiency of OA-PSO is better than the classical PSO.

Following the algorithm are the EM applications of Taguchi’s optimization method. Linear 
antenna array optimization has received great attention in the EM community. Recently, GA and 
PSO have been successfully applied in designing linear antenna arrays [19–25]. Besides GA and 
PSO methods, this research uses Taguchi’s method to design linear antenna arrays that produce a 
null controlled radiation pattern, a sector beam radiation pattern [16], and a suppressed side lobe 
level (SLL) pattern. A detailed implementation procedure is presented, and each step is illustrated 
by the array example shown in Chapter 4. This study shows that the proposed method is straight-
forward and easy to implement, and can quickly converge to the optimum designs.

Microwave filters are widely used in telecommunication devices. For example, a band-stop 
filter (BSF) is used to suppress the noises and interference signals coming from the environments, 
while a band-pass filter (BPF) allows desired signal frequencies to pass through the communica-
tion channels. At low frequencies, filters are usually designed with lumped elements to realize the 

FIGURE 1.1: Conceptual flow graph for the organization of this book.
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desired frequency responses. At microwave-frequency range, operating wavelength is comparable 
to the circuit dimensions. Therefore, passive printed types of filters are usually used in microwave 
applications. These filters are planar structured and composed of several stubs of microstrip lines. 
They need to be accurately modeled using full-wave EM simulators. In this research, a full-wave 
simulator, IE3D [26], is used to analyze the performance of filters while Taguchi’s method is ap-
plied as an external optimizer to drive IE3D and optimize those microstrip filters. The efficiency of 
this design procedure verifies the excellent optimization performance of Taguchi’s method, and the 
optimized results are shown in Chapter 5.

Taguchi’s method is also used in ultra-wideband antenna designs. In 2002, the Federal Com-
munications Commission (FCC) released the ultra-wideband (UWB) system specification [27] 
whose spectrum covers from 3.1 to 10.6 GHz. Planar UWB antennas are desirable because of 
advantages such as low profile, light weight, low cost, and easy fabrication. The advantages of a co-
planar waveguide (CPW) over a microstrip line are low radiation loss, balanced line, low dispersion, 
same conducting plane, and no need for vias. Therefore, a planar UWB antenna fed by a CPW line 
is designed in this study. A full-wave commercial simulator, IE3D, along with an external Taguchi 
method-based optimizer is used to optimize a UWB antenna. In Chapter 6, the results of the op-
timized antenna show that the impedance bandwidth is from 3 to 12.1 GHz, which not only can 
cover the UWB spectrum but also can be used for X band radar applications. Furthermore, since the 
spectrum of wireless local network (WLAN) of the IEEE 802.11a standard is located between 5.15 
and 5.825 GHz, it is desirable that a UWB antenna has a band notch feature at the center frequency 
(5.5 GHz) to avoid potential interference between the UWB and WLAN bands. In this study, 
a compact BSF is integrated in the UWB antenna design to achieve a stop band between 5 and 
6 GHz without changing the antenna’s geometry and frequency responses outside the stop band. 

At the end of the book, a brief summary is presented and several future research directions 
are suggested for the readers. It is the authors’ hope that this book will help readers with similar 
research interests and stimulate the future development in EM optimizations and antenna designs. 

•  •  •  •
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The development of Taguchi’s method is based on orthogonal arrays (OAs) that have a profound 
background in statistics [28]. Orthogonal arrays were introduced in the 1940s and have been widely 
used in designing experiments. They provide an efficient and systematic way to determine control 
parameters so that the optimal result can be found with only a few experimental runs. This chapter 
briefly reviews the fundamental concepts of OAs, such as their definition, important properties, and 
constructions.

2.1	D EFINITION OF ORTHOGONAL ARRAY
Definition: Let S be a set of s symbols or levels. A matrix A of N rows and k columns with entries 
from S is said to be an OA with s levels and strength t ( kt ≤≤0 ) if in every tN ×  subarray of 
A, each t-tuple based on S appears exactly the same times as a row [28, Chapter 1]. The notation 
OA(N, k, s, t) is used to represent an OA.

To help readers understand the OA definition, Table 2.1 shows an orthogonal array OA(27, 
10, 3, 2), which has 27 rows and 10 columns. Each entry of the array is selected from a set S = {1, 
2, 3}. Thus, this is a three-level OA. Pick any arbitrary two columns  (t = 2) and one may see nine 
possible combinations as a row: (1, 1), (1, 2), (1, 3), (2, 1), (2, 2), (2, 3), (3, 1), (3, 2), (3, 3). It can be 
simply verified that each combination has the same number of occurrences as a row, i.e., three times. 
This is the meaning of  “orthogonal” in the definition, which ensures a balanced and fair selection of 
parameters in all possible combinations.

When this OA is used to design experiments, the 10 columns represent 10 parameters that 
need to be optimized. For each column, the entries 1, 2, and 3 denote three specific statuses or levels 
that an optimization parameter may select from. Note that for different optimization parameters, 
the levels 1, 2, and 3 may correspond to different numerical values. For example, if the optimization 
range for the parameter 1 is [0, 1], the corresponding values for levels (1, 2, 3) could be (0.25, 0.5, 0.75). 
In contrast, if the optimization range for the parameter 2 is [−1, 0], the corresponding values for levels 
(1, 2, 3) change to (−0.75, −0.5, −0.25). Therefore, the corresponding values for the levels depend on 
the parameters and vary in different applications.

Each row of the OA describes a certain combination of the levels for these 10 parameters. 
For example, the first row means that all parameters take the level 1. The second row means that 

Orthogonal Arrays
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TABLE 2.1:  The OA(27, 10, 3, 2)

Experiments
Elements

1 2 3 4 5 6 7 8 9 10

1 1 1 1 1 1 1 1 1 1 1

2 2 1 2 2 2 3 3 1 2 3

3 3 1 3 3 3 2 2 1 3 2

4 1 2 1 2 2 2 3 3 1 2

5 2 2 2 3 3 1 2 3 2 1

6 3 2 3 1 1 3 1 3 3 3

7 1 3 1 3 3 3 2 2 1 3

8 2 3 2 1 1 2 1 2 2 2

9 3 3 3 2 2 1 3 2 3 1

10 1 1 2 1 2 2 2 3 3 1

11 2 1 3 2 3 1 1 3 1 3

12 3 1 1 3 1 3 3 3 2 2

13 1 2 2 2 3 3 1 2 3 2

14 2 2 3 3 1 2 3 2 1 1

15 3 2 1 1 2 1 2 2 2 3

16 1 3 2 3 1 1 3 1 3 3

17 2 3 3 1 2 3 2 1 1 2

18 3 3 1 2 3 2 1 1 2 1

19 1 1 3 1 3 3 3 2 2 1

20 2 1 1 2 1 2 2 2 3 3

21 3 1 2 3 2 1 1 2 1 2

22 1 2 3 2 1 1 2 1 2 2

23 2 2 1 3 2 3 1 1 3 1

24 3 2 2 1 3 2 3 1 1 3

25 1 3 3 3 2 2 1 3 2 3

26 2 3 1 1 3 1 3 3 3 2

27 3 3 2 2 1 3 2 3 1 1
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parameters 2 and 8 take level 1; parameters 1, 3, 4, 5, and 9 take level 2; and parameters 6, 7, and 
10 take level 3. Once each parameter is assigned to a corresponding level value, one can conduct 
the experiment and find the output result. It is important to point out that the 27 rows of the OA 
indicate that 27 experiments need to be carried out per design iteration.

2.2	 IMPORTANT PROPERTIES
The OAs have several important properties. For the brevity of the book, three fundamental char-
acteristics are highlighted here, which are useful for Taguchi’s method discussed in later chapters.  
The first one is the fractional factorial characteristic. Using the above example that includes 10 
parameters where each has three levels, one notices that a full factorial strategy needs to conduct 
310 = 59 049 experiments. In contrast, if one uses the OA to design such experiments, only 27 
experiments are needed. After a simple analysis and processing of the output results from the 27 
experiments, an optimum combination of the parameter values can be obtained [6, Chapter 15]. 
Although the number of experiments is dramatically reduced from 59 049 to 27, statistical results 
demonstrate that the optimum outcome obtained from the OA usage is close to that obtained from 
the full-factorial approach.

The second fundamental property of the OA is that all possible combinations of up to t 
parameters occur equally, which ensures a balanced and fair comparison of levels for any parameter 
and any interactions of parameters. A quick examination of Table 2.1 reveals that for each parameter 
(column), levels 1, 2, and 3 have nine times of occurrences. Thus, all possible levels of a parameter 
are tested equally. A similar property applies for the combination of any two parameters. Therefore, 
the OA approach investigates not only the effects of the individual parameters on the experiment 
outcome, but also the interactions of any two parameters.

In general, one could increase the strength t of the OA to consider interactions between more 
parameters. However, the larger the strength t is, the more rows (experiments) the OA has. The OAs 
used in this book have a strength of 2, which is found to be efficient for the problems considered.

The third useful property of OAs is that any N × k ′ subarray of an existing OA(N, k, s, t) is still 
an OA with a notation OA(N, k ′, s, t ′), where t ′ = min{k ′, t}. In other words, if one or more columns 
are deleted from an OA, the resulting array is still an OA but with a smaller number of parameters. 
For example, if we delete the last two columns in Table 2.1, we can obtain an OA(27, 8, 3, 2). This 
property is especially useful when selecting an OA from an existing OA database. If an OA with 
a certain number of columns (k′) cannot be found in the database, one can choose an OA with a 
larger number of columns (k > k ′) and manually delete the redundant (k – k ′) columns to obtain the 
desired OA.

More OA properties can be found in the literature and interested readers are suggested to 
read [28] for more information.
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2.3	 EXISTENCE AND CONSTRUCTION OF  
ORTHOGONAL ARRAYS

Two fundamental questions regarding OAs, namely, existence and construction, are discussed in 
this section. A simple statement of the existence question is: for given values of k, s, and t, determine 
the minimum number of rows N so that an OA(N, k, s, t) exists. The reason one would like to find 
the minimum N is that a small number of experiments is preferred in practice. Rao’s [29] inequali-
ties are established to answer the existence question. The parameters of OA(N, k, s, t) must satisfy 
the following inequalities:

	 ( )
0

1 ,
u

i

i
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i=

 
 
 

∑ −≥ s  if   0,2 >= uut ,	 (2.1)

	
 

( ) ( )
1

0

1
1

u
i

i

k +

=

−∑ 1 ,
k u

−+ ss








 








−≥N

ui
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Further improvements on Rao’s bound can be found in [28] for OAs with strength 2 and 3  
(t = 2, 3) and for two-level OAs (s = 2).

The second question is how to construct an OA(N, k, s, t). Numerous techniques are known 
for constructing OAs. Galois fields [28, Chapter 3] turn out to be a powerful tool for the construc-
tion of OAs, and several methods are proposed using such fields and finite geometries. In addition, 
there is a close relation between OAs and coding theory. Thus, many construction techniques for 
OAs are proposed based on error-correcting codes. Furthermore, the difference scheme is also 
known as one of the earliest methods to construct certain OAs. Nowadays, many OAs with differ-
ent numbers of parameters, levels, and strengths have been developed and archived in OA databases 
or libraries, which can be found in books related to OA or Taguchi’s method. The OAs used in this 
book are listed in [30].

For certain applications, one may want to create an OA automatically by a computer code. An 
OA construction algorithm was presented in [31], which can construct an arbitrary odd-level (s = 3, 
5, 7, . . . ) and two-strength (t = 2) OA. For an OA(N, k, s, t), the values of N and k can be determined 
by the following two equations:

	 ,pN s= 	 (2.3)

	 1
,

1

N
k

s

−
=

−
	 (2.4)
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where p is a positive integer number starting with 2, namely, p = 2, 3, . . . . The OA construction 
algorithm can be divided into two parts: construction of basic columns and construction of non-basic 
columns. Non-basic columns are linear combinations of basic columns. The pseudo-code of the 
algorithm is as follows:

1)  Construct basic columns:
for ii = 1 to p

 1

1

iis
k

s

−
=

−

for m = 1 to N

	       

 1

1p

m

s

−
=

−
skma mod)( ,  

 
 

end   (loop m)
end   (loop ii)

2) Construct non-basic columns:
for ii = 2 to p

1
1

1

iis
k

s

−
−

+=

for jj = 1 to k-1
	       for kk = 1 to s-1

	 	    (1 ∼ , ( 1)( 1)) ( (1 ∼ , ) (1 ∼ , )) moda skma+kkjjmasjjkkkm + −− =+
	       end   (loop kk)
end   (loop jj)

end   (loop ii)

           ( , ) ( ,a m k 1+= )a m k

The OA(9, 4, 3, 2) and OA(25, 6, 5, 2) are constructed by this OA construction code and 
shown in Tables 2.2 and 2.3, respectively. The grey background indicates the basic columns of the 
OA while the rest are non-basic columns.

A sample Matlab code is attached below for users’ reference.
_______________________________________________________________________________

% This OA construction Matlab can construct an arbitrary odd-level, two-strength OA.
% User should change the value of S and J which are indicated by “*”. After execution of
% this code, the OA can be obtained in the current directory by the file name
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% “OA(N, K, S, 2).txt” . This code was designed by Wei-Chung Weng, February 2007.
% All rights reserved. 

clc; clear all;
S = 3;   %level  “ * ”
J = 2;   % related to M  “ * ”
M = S^J; % # of experiment

for k = 1:J  %  for basic columns
    j = (S^(k-1)-1)/(S-1) + 1;
    
    for i = 1:M
        A(i,j) = mod(floor((i-1)/(S^( J-k))),S);
    end
end
for k = 2:J  %  for non-basic columns
    j = (S^(k-1)-1)/(S-1) + 1;
    
    for p = 1:j-1
        for q = 1:S-1
             A(:,(j + (p-1)*(S-1) + q)) = mod((A(:,p)*q + A(:,j)),S);
        end    
    end
end

% A = A + 1;   % if values start from 1 

   %  output data

[N,K] = size(A);   
str1 = num2str(N,‘%0.1d’);
str2 = num2str(K,‘%0.1d’);
str3 = num2str(S,‘%0.1d’);
TT = [‘OA(‘ str1 ’, ‘ str2 ’, ‘ str3 ’, 2).txt’];
fid2 = fopen(TT,‘wt’);
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for j = 1:N
    for k = 1:K
        fprintf(fid2,‘%0.1d   ’,A(j,k));
        if k =  = K
           fprintf(fid2,‘\n’);
        end   
    end
end
fclose(fid2);

TABLE 2.2:  The OA(9, 4, 3, 2) is constructed by the 
OA construction code (s = 3, p = 2, N = 9, k = 4)

Experiment
Element

1 2 3 4

1 1 1 1 1

2 1 2 2 2

3 1 3 3 3

4 2 1 2 3

5 2 2 3 1

6 2 3 1 2

7 3 1 3 2

8 3 2 1 3

9 3 3 2 1
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TABLE 2.3:  The OA(25, 6, 5, 2) is constructed by the OA  
construction code (s = 5, p = 2, N = 25, k = 6)

Experiment
Element

1 2 3 4 5 6

1 1 1 1 1 1 1

2 1 2 2 2 2 2

3 1 3 3 3 3 3

4 1 4 4 4 4 4

5 1 5 5 5 5 5

6 2 1 2 3 4 5

7 2 2 3 4 5 1

8 2 3 4 5 1 2

9 2 4 5 1 2 3

10 2 5 1 2 3 4

11 3 1 3 5 2 4

12 3 2 4 1 3 5

13 3 3 5 2 4 1

14 3 4 1 3 5 2

15 3 5 2 4 1 3

16 4 1 4 2 5 3

17 4 2 5 3 1 4

18 4 3 1 4 2 5

19 4 4 2 5 3 1

20 4 5 3 1 4 2

21 5 1 5 4 3 2

22 5 2 1 5 4 3

23 5 3 2 1 5 4

24 5 4 3 2 1 5

25 5 5 4 3 2 1
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Taguchi’s Optimization Method

This chapter presents the optimization technique using Taguchi’s method. A fundamental imple-
mentation procedure is introduced first and several optimization problems are used as examples to 
demonstrate its validity. Based on this development, several improvement techniques are proposed 
to enhance the optimization performance. 

3.1	 IMPLEMENTATION PROCEDURE
This section introduces a novel iterative procedure of Taguchi’s optimization method, as shown in 
Figure 3.1. To illustrate the implementation procedure, a 10-dimensional Rastigrin function [32]–
[33] is used as an example and listed in (3.1). 

	 ∑
=

<<−+−=
10

1

2 89],10)2cos(10[)(
i

iii xxxxf π 	 (3.1)

The function has a global minimum 0 when all xi = 0 . The 10 input parameters (x ii , , ,= 1 0 . . . . 1 ) 
are optimized to find the global minimum. The search range is set to [−9, 8] to obtain an asym-
metrical optimization space. The optimization procedure of the first iteration is explained in detail, 
and the procedure of the remaining iterations is similar to that of the first iteration.

3.1.1	P roblem Initialization
The optimization procedure starts with the problem initialization, which includes the selection of 
a proper OA and the design of a suitable fitness function. The selection of an OA(N, k, s, t) mainly 
depends on the number of optimization parameters. In (3.1), there are 10 parameters that should 
be optimized. Thus, the OA to be selected must have 10 columns (k = 10) to represent these pa-
rameters. To characterize the nonlinear effect, three levels (s = 3) are found sufficient for each input 
parameter. Usually, an OA with a strength of 2 (t = 2) is efficient for most problems because it 
results in a small number of rows in the array. In summary, an OA with 10 columns, 3 levels, and 2 
strengths is needed. 

chapter        3
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After searching the online OA database [30], an OA(27, 13, 3, 2) is found to be available. 
To be consistent with this problem, the first 10 columns of the OA are retained whereas the rest (3 
columns) are deleted. Hence, an OA(27, 10, 3, 2) is obtained for the optimization process, which is 
shown in Table 2.1.

The fitness function is chosen according to the optimization goal. In this optimization ex-
ample the fitness function is selected to be the same as the Rastigrin function:

	
10

2

1i

π
=
∑ +−== xxxFitness 10],)2(10cos[)( iif 	 (3.2)

where the fitness can be considered as the difference between the optimization goal (0 value) and 
the obtained value from the current inputs xi. The smaller the fitness value, the better the match 
between the obtained value and the desired one.

No

Design input parameters using 
orthogonal array (OA) 

Problem Initialization: 
Select orthogonal array 
Design fitness function

Identify optimal level values and 
conduct confirmation experiment 

Reduce the 
optimization
range

Conduct experiments and build a 
response table 

Termination
criteria met? 

END

Yes

FIGURE 3.1:  Flowchart of Taguchi’s optimization method. From [17], copyright © IEEE 2007.
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3.1.2	D esign Input Parameters Using OA
Next, the input parameters need to be selected to conduct the experiments. When the OA is used, the 
corresponding numerical values for the three levels of each input parameter should be determined.

In the first iteration, the value for level 2 is selected at the center of the optimization range. 
Values of levels 1 and 3 are calculated by subtracting/adding the value of level 2 with a variable 
called level difference (LD). The level difference in the first iteration (LD1) is determined by the fol-
lowing equation:

	
1

8 ( 9)
4.25

m ax min
LD

number of  levels

−
+

= ==
−−

+ 131
,	 (3.3)

where max is the upper bound of the optimization range and min is the lower bound of the optimi-
zation range. Thus, the three levels are uniformly distributed in the optimization region. With the 
use of (3.3), each entry of the OA in Table 2.1 can be converted into a corresponding level value of 
the input parameter xn

m

1
, as shown in Table 3.1, where n indicates the nth element, the subscript 1 

indicates the first iteration, and the superscript m indicates the level 1, 2, or 3. 

3.1.3	 Conduct Experiments and Build a Response Table
After determining the input parameters, the fitness function for each experiment can be calculated. 
For example, the fitness value for experiment 1 with all parameters being level 1 is computed using 
(3.2) and the result is 325.63. Next, the fitness value is converted to the signal-to-noise (S/N) ratio 
(η) in Taguchi’s method using the following formula

	                  20log Fitnessη = − )( 	 (3.4)

Hence, a small fitness value results in a large S/N ratio. After conducting all experiments in the first 
iteration, the fitness values and corresponding S/N ratios are obtained and listed in Table 3.1.

These results are then used to build a response table for the first iteration by averaging the 
S/N ratios for each parameter n and each level m using the following equation:

	 ∑
=

=
mniOAi
i

N

s
nm

),(,

),( ηη .	 (3.5)

For example, the average S/N ratio for x7 1

2  is

, ( , 7) 2
(2,7) [( 47.83) ( 47.55) ( 48.25) ( 48.28) ( 47.86 )

( 47.99) ( 47.86) ( 48.15) ( 48.12)] 47.99 ( ) .

i
i OA i

dB
=

∑
−=−+−+−+−+

ηη 1 1
99

−+−+−+−+−==

Therefore, the response table is created and is shown in Table 3.2.



18  Electromagnetics and antenna optimization

T
A

B
L

E
 3

.1
: 

T
he

 O
A

(2
7,

 1
0,

 3
, 2

), 
le

ve
l v

al
ue

s, 
fit

ne
ss

 v
al

ue
s, 

an
d 

S/
N

 ra
tio

s 
in

 th
e 

fir
st

 it
er

at
io

n 
of

 th
e 

R
as

tig
ri

n 
 

fu
nc

tio
n 

op
tim

iz
at

io
n

E
X

P
E

R
IM

E
N

T
S

E
L

E
M

E
N

T
S

FI
T

N
E

SS
S/

N
 R

A
T

IO
 

(d
B

), 
h

1
2

3
4

5
6

7
8

9
10

1
-4

.7
5

-4
.7

5
-4

.7
5

-4
.7

5
-4

.7
5

-4
.7

5
-4

.7
5

-4
.7

5
-4

.7
5

-4
.7

5
32

5.
63

-5
0.

25
 

2
-0

.5
-4

.7
5

-0
.5

-0
.5

-0
.5

3.
75

3.
75

-4
.7

5
-0

.5
3.

75
23

8.
56

-4
7.

55
 

3
3.

75
-4

.7
5

3.
75

3.
75

3.
75

-0
.5

-0
.5

-4
.7

5
3.

75
-0

.5
24

6.
19

-4
7.

83
 

4
-4

.7
5

-0
.5

-4
.7

5
-0

.5
-0

.5
-0

.5
3.

75
3.

75
-4

.7
5

-0
.5

24
7.

06
-4

7.
86

 

5
-0

.5
-0

.5
-0

.5
3.

75
3.

75
-4

.7
5

-0
.5

3.
75

-0
.5

-4
.7

5
23

8.
56

-4
7.

55
 

6
3.

75
-0

.5
3.

75
-4

.7
5

-4
.7

5
3.

75
-4

.7
5

3.
75

3.
75

3.
75

26
2.

31
-4

8.
38

 

7
-4

.7
5

3.
75

-4
.7

5
3.

75
3.

75
3.

75
-0

.5
-0

.5
-4

.7
5

3.
75

25
8.

5
-4

8.
25

 

8
-0

.5
3.

75
-0

.5
-4

.7
5

-4
.7

5
-0

.5
-4

.7
5

-0
.5

-0
.5

-0
.5

24
3.

25
-4

7.
72

 

9
3.

75
3.

75
3.

75
-0

.5
-0

.5
-4

.7
5

3.
75

-0
.5

3.
75

-4
.7

5
24

6.
19

-4
7.

83
 

10
-4

.7
5

-4
.7

5
-0

.5
-4

.7
5

-0
.5

-0
.5

-0
.5

3.
75

3.
75

-4
.7

5
25

9.
38

-4
8.

28
 

11
-0

.5
-4

.7
5

3.
75

-0
.5

3.
75

-4
.7

5
-4

.7
5

3.
75

-4
.7

5
3.

75
26

7.
00

-4
8.

53
 

12
3.

75
-4

.7
5

-4
.7

5
3.

75
-4

.7
5

3.
75

3.
75

3.
75

-0
.5

-0
.5

25
8.

50
-4

8.
25

 

13
-4

.7
5

-0
.5

-0
.5

-0
.5

3.
75

3.
75

-4
.7

5
-0

.5
3.

75
-0

.5
23

8.
56

-4
7.

55
 

14
-0

.5
-0

.5
3.

75
3.

75
-4

.7
5

-0
.5

3.
75

-0
.5

-4
.7

5
-4

.7
5

25
0.

88
-4

7.
99

 



Taguchi’s Optimization Method  19

T
A

B
L

E
 3

.1
: 

C
on

tin
ue

d

E
X

P
E

R
IM

E
N

T
S

E
L

E
M

E
N

T
S

FI
T

N
E

SS
S/

N
 R

A
T

IO
 

(d
B

), 
h

1
2

3
4

5
6

7
8

9
10

15
3.

75
-0

.5
-4

.7
5

-4
.7

5
-0

.5
-4

.7
5

-0
.5

-0
.5

-0
.5

3.
75

24
7.

06
-4

7.
86

 

16
-4

.7
5

3.
75

-0
.5

3.
75

-4
.7

5
-4

.7
5

3.
75

-4
.7

5
3.

75
3.

75
27

0.
81

-4
8.

65
 

17
-0

.5
3.

75
3.

75
-4

.7
5

-0
.5

3.
75

-0
.5

-4
.7

5
-4

.7
5

-0
.5

25
0.

88
-4

7.
99

 

18
3.

75
3.

75
-4

.7
5

-0
.5

3.
75

-0
.5

-4
.7

5
-4

.7
5

-0
.5

-4
.7

5
26

3.
19

-4
8.

41
 

19
-4

.7
5

-4
.7

5
3.

75
-4

.7
5

3.
75

3.
75

3.
75

-0
.5

-0
.5

-4
.7

5
26

7.
00

-4
8.

53
 

20
-0

.5
-4

.7
5

-4
.7

5
-0

.5
-4

.7
5

-0
.5

-0
.5

-0
.5

3.
75

3.
75

24
7.

06
-4

7.
86

 

21
3.

75
-4

.7
5

-0
.5

3.
75

-0
.5

-4
.7

5
-4

.7
5

-0
.5

-4
.7

5
-0

.5
25

9.
38

-4
8.

28
 

22
-4

.7
5

-0
.5

3.
75

-0
.5

-4
.7

5
-4

.7
5

-0
.5

-4
.7

5
-0

.5
-0

.5
25

5.
56

-4
8.

15
 

23
-0

.5
-0

.5
-4

.7
5

3.
75

-0
.5

3.
75

-4
.7

5
-4

.7
5

3.
75

-4
.7

5
26

3.
19

-4
8.

41
 

24
3.

75
-0

.5
-0

.5
-4

.7
5

3.
75

-0
.5

3.
75

-4
.7

5
-4

.7
5

3.
75

25
4.

69
-4

8.
12

 

25
-4

.7
5

3.
75

3.
75

3.
75

-0
.5

-0
.5

-4
.7

5
3.

75
-0

.5
3.

75
24

6.
19

-4
7.

83
 

26
-0

.5
3.

75
-4

.7
5

-4
.7

5
3.

75
-4

.7
5

3.
75

3.
75

3.
75

-0
.5

25
8.

50
-4

8.
25

 

27
3.

75
3.

75
-0

.5
-0

.5
-4

.7
5

3.
75

-0
.5

3.
75

-4
.7

5
-4

.7
5

25
4.

69
-4

8.
12

 



20  Electromagnetics and antenna optimization

3.1.4	 Identify Optimal Level Values and Conduct Confirmation Experiment
Finding the largest S/N ratio in each column of Table 3.2 can identify the optimal level for that pa-
rameter. For example, the optimum levels in the first iteration are 2 for each parameter, as indicated 
by the italic emphasis in Table 3.2.

When the optimal levels are identified, a confirmation experiment is performed using the 
combination of the optimal levels identified in the response table. This confirmation test is not 
repetitious because the OA-based experiment is a fractional factorial experiment, and the optimal 
combination may not be included in Table 2.1. The fitness value obtained from the optimal combi-
nation is regarded as the fitness value of the current iteration. 

3.1.5	 Reduce the Optimization Range
If the results of the current iteration do not meet the termination criteria, which are discussed in the 
following subsection, the process is repeated in the next iteration. The optimal level values of the 
current iteration are used as central values (values of level 2) for the next iteration: 

	

.

1

opt

inin xx =
+

2

	 (3.6)

To reduce the optimization range for a converged result, the LDi is multiplied with a reduced 
rate (rr) to obtain LDi + 1 for the (i + 1)th iteration:

	 i
+ ⋅=⋅=⋅= ,)(1 1 1i i LDiRRLDrrLDrrLD  ,	 (3.7)

where RR(i ) is called reduced function. When a constant rr is used, RR i rr i( )= . The value of rr can 
be set between 0.5 and 1 depending on the problem. The larger rr is, the slower the convergence 
rate. In this Rastigrin function optimization, rr is set to 0.8.

TABLE 3.2:  Response table after the first iteration for the Rastigrin function optimization (decibel)

LEVELS
ELEMENTS

1 2 3 4 5 6 7 8 9 10

1 -48.37 -48.37 -48.38 -48.38 -48.37 -48.37 -48.37 -48.37 -48.38 -48.37 

2 -47.98 -47.98 -47.98 -47.98 -47.99 -47.99 -47.99 -47.98 -47.98 -47.99 

3 -48.12 -48.12 -48.12 -48.11 -48.11 -48.11 -48.11 -48.12 -48.11 -48.11 
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If LDi is a large value, and the central level value xn i

2  is located near the upper bound or 
lower bound of the optimization range, the corresponding value of level 1 or 3 may reside outside 
the optimization range. Therefore, a process of checking the level values is necessary to guarantee 
that all level values are located within the optimization range. If an excessive situation happens, 
reassigning the level value for the parameter will be performed. A simple way is to use the boundary 
values directly. For example, if xn i

1  is smaller than min, the xn i

1  is then set to min.

3.1.6	 Check the Termination Criteria
When the number of iterations is large, the level difference of each element becomes small from 
(3.7). Hence, the level values are close to each other and the fitness value of the next iteration is close 
to the fitness value of the current iteration. The following equation may be used as a termination 
criterion for the optimization procedure:

	
1

.iLD
converged value

LD
< 	 (3.8)

Usually, the converged value can be set between 0.001 and 0.01 depending on the problem. The 
iterative optimization process will be terminated if the design goal is achieved or if (3.8) is satisfied. 
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FIGURE 3.2:  The fitness curve of (3.2). The optimized global minimum is 6.2553e−5 located 
at 1.453e−04, −1.193e−04, −7.738e−05, 2.456e−4, −1.156e−04, 2.212e−04, 8.147e−05, 2.882e−04, 
2.483e−04, −8.899e−06.
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In this Rastigrin function optimization, the optimization goal is that the fitness value shown in 
(3.2) should be smaller than 0.0001.

Following the aforementioned procedure, the optimization goal of (3.1) is obtained after 42 
iterations. The convergence curve of the fitness function is shown in Figure 3.2. The optimized glo-
bal minimum is 6.255e−5 when = 1 0. . . 1xi , where i , ,  are 1.453e−04, −1.193e−04, −7.738e−05, 
2.456e−4, −1.156e−04, 2.212e−04, 8.147e−05, 2.882e−04, 2.483e−04, and −8.899e−06.

3.2	 OPTIMIZATION EXAMPLES
To evaluate the performance of an optimizer, it is important to choose the appropriate test functions. 
Pantoja et al. [34] suggested that test functions should contain properties with high-dimensional 
search spaces, multimodal functions, unimodal functions, and randomly perturbed functions. For ex-
ample, (3.1) is a high-dimensional function and is used to investigate the optimizer’s abilities for a 
problem with a large number of optimized variables.

3.2.1	 Example 1
To demonstrate the global optimization performance of Taguchi’s method, two relatively compli-
cated two-dimensional test functions with many local maxima/minima are used. The first test func-
tion is similar to the equation presented in [35]:

	
yx yxFitness ≤≤= )8,0(.),(

−− ππ yx
yx ππ −− )3(

[sin sin[ ( (3 3) )
( 3)

] ]

	 (3.9)
This function is useful to evaluate the convergence performance of an optimizer. The function has a 
global maximum, 1.0, located at (x = 3.0, y = 3.0) with many local maxima as shown in Fig. 3.3.

Taguchi’s method is used for searching the global maximum of (3.9). The optimization range 
is 0 to 8 for both x and y directions. The reduced rate, rr, is set to 0.6; the converged value is set to 
0.0001; and the OA(9, 2, 3, 2) is used in optimization. The optimized result is shown in Fig. 3.4. 
It can be seen that after only 11 iterations, the global maximum is successfully found by Taguchi’s 
method. The optimized fitness is 1.00 located at (x = 3.0037, y = 3.0037).

3.2.2	 Example 2
The second test function is a more challenging one, presented in [1], [36]: 

	  ( , ) sin(4 ) 1.1 sin(2 ) . (0 , 10)yxFitness xx x y yy ≤+= ≤ 	 (3.10)

The function is useful to detect anomalies of this kind [34]. It has a global minimum, −18.5547 
located at (x = 9.0390, y = 8.6682) with many local minima close to the global minimum as shown 
in Fig. 3.5. 
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Again, Taguchi’s method is used for searching the global minimum of (3.10). The optimiza-
tion range is 0 to 10 for both x and y directions. The converged rate is set to 0.0001, and the OA(9, 
2, 3, 2) is used in (3.10).

Different values of rr are used in the optimization process, and the corresponding optimi-
zation results are shown in Fig. 3.6. None of them can reach the global minimum. Optimization 
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FIGURE 3.3:  Three-dimensional solution surface of (3.9). The global maximum is 1.0 located at (x = 
3.0, y = 3.0).
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FIGURE 3.4:  The fitness curve of (3.9). The optimized global maximum is 1.00 located at (x = 3.0037, 
y = 3.0037).
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FIGURE 3.5:  Three-dimensional solution surface of (3.10). The global minimum is −18.5547 located 
at (x = 9.0390, y = 8.6682).
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FIGURE 3.6:  The fitness curve of (3.10). Different values of rr are used in the optimization process. 
It is noticed that the results are stuck at local optimums.
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results are stuck at a local minimum because of the complexity in (3.10). The example shows that 
for sophisticated problems, the traditional Taguchi’s method may not find the optimum. Therefore, 
special treatments and improved procedures for Taguchi’s method are necessary to avoid ending up 
at a local optimum. These improved procedures are discussed in the following sections.

3.3	 IMPROVED TAGUCHI’S METHOD
In the aforementioned implementation procedure, the optimization range is reduced as the iteration 
increases. When a constant rr is used, the optimization range becomes extremely small for the large 
iterations. Therefore, there is a possibility that optimized results may stick at a local optimum, as 
observed in Fig. 3.6. To improve the optimization performance of Taguchi’s method, several tech-
niques are suggested in this section.

3.3.1	 Increase Initial Level Difference
LD1 is determined by (3.3) and is reduced by rr or RR defined in (3.7) in each iteration. For the 
two-dimensional sophisticated problem like (3.10), the optimum solution is located near the edge 
of optimization range. The previous optimization process sticks at a local optimum since LDi is too 
small to search the global optimum.
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FIGURE 3.7:  The optimized global minimum is −18.5546 located at (x = 9.0401, y = 8.6694) after 71 
iterations. A total of 710 experiments were conducted. rr is set to 0.9.
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The improved method introduced here is to increase the initial level difference (LD1) by 1.5 
times so that the optimization has a wider range to search the global optimum. The same test func-
tion (3.10) is used to prove the performance of this technique and the result is shown in Fig. 3.7. It 
is observed that the method can successfully find the global minimum after 71 iterations using the 
same three-level OA, with converged value = 0.0001 and rr set to 0.9.

Equation (3.9) is also used as an example to prove the performance of this method. Again, 
LD is increased 1.5 times. The result is shown in Fig. 3.8, which shows that the proposed technique 
can also successfully find the global maximum after 12 iterations using a three-level OA, OA(9, 2, 
3, 2), with converged value = 0.0001 and rr set to 0.6. Since the initial level difference is increased, 
the number of iterations to reach the global optimum is also increased, which is a trade-off of the 
proposed technique.

3.3.2	 Boundary Treatments
The current boundary condition treatment, shown in Section 3.1.5, mentioned that if xn i

1
 is smaller 

than min, xn i

1 is then set to min. This strategy is simple and can work well in most problems. How-
ever, there is a possibility that two level values overlap at min or max together. This coincidence 
situation wastes the optimization energy. To overcome this drawback, an alternative method is pro-
posed. When xn i

2 (optimal level value) is located at min, in the next iteration:
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FIGURE 3.8:  The optimized global maximum is 1.00 located at (x = 2.9962, y = 2.9962) after 12 itera-
tions. A total of 120 experiments were conducted. rr is set to 0.6.
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When xn i

2 is located at max, in the next iteration:
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Therefore, no two entries overlap at the same value. This method also guarantees that no entries are 
located out of the solution space, and the optimal level value is one of the entries.

3.3.3	 Using a Gaussian Reduce Function
Another suggested technique is to set RR as a Gaussian function, i.e.,

	
 2( )

( )
i
T

−
=eiRR ,	 (3.17)

where T is the duration width of the Gaussian function. Values of T ranging from 15 to 20 are used 
in the examples presented here. Therefore, the level difference for the next iteration is:
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1 11
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)
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The Gaussian function reduces the level difference slowly during the first several iterations to 
offer the optimization process more degrees of freedom to find the optimal solution while decreas-
ing the level difference quickly to speed up the convergence of the optimization approach. A com-
parison of the Gaussian reduced function and the previous exponential reduced function is shown 
in Fig. 3.9. 

The optimization performance is demonstrated by using (3.10). Optimized results are shown 
in Fig. 3.10, where two fitness curves for two reduced functions are plotted. LD is increased 1.5 
times as discussed before. The converged value is set to 0.0001. After 42 iterations, the global 
minimum is obtained using the proposed Gaussian reduced function. In contrast, 71 iterations 
are required to reach the same solution with the traditional RR function, as shown in Fig. 3.10.  
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FIGURE 3.9:  Different reduced functions versus iteration number.
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FIGURE 3.10:  The optimized global minimum is −18.5546 located at (x = 9.0379, y = 8.6673), which 
was found after 42 iterations using the Gaussian function. The dotted line is the same as the solid one 
in Fig. 3.7.
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Obviously, the optimization performance is improved by the Gaussian reduced function. It is quicker 
than the original RR function to find the optimum. 

3.4	 TAGUCHI’S METHOD WITH FIVE-LEVEL OA
In the previous examples, three-level OA are used in the optimization. OA with larger number of 
levels can also be used in Taguchi’s optimization method. For example, five-level OA is used in this 
section. Instead of three possible options, now each parameter has five options in the optimization 
range. The strategy of using five-level OAs offers the optimization approach more power to search 
the global optimum. However, the higher the level of the OA, the larger the number of experiments 
should be conducted within each iteration. 

Again, Taguchi’s method is used for searching the global minimum of (3.10). The optimiza-
tion range is 0 to 10 for both x and y directions. rr is set to 0.85; the converged rate is set to 0.0001. A 
five-level OA(25, 2, 5, 2), which is extracted from the first two columns in the OA(25, 6, 5, 2) shown 
in Table 2.3, is used in optimization. It is worthwhile to point out that the number of experiments 
per iteration is increased from 9 to 25 when the number of levels is increased from 3 to 5.

After 42 iterations, the global minimum is successfully found by Taguchi’s method whereas us-
ing the three-level OA cannot reach the global minimum. The optimized result is shown in Fig. 3.11. 
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FIGURE 3.11:  The fitness curve of (3.10) using a five-level OA. The optimized global minimum is 
−18.5546 located at (x = 9.0399, y = 8.6673). A total of 1092 experiments were conducted.
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The optimized fitness is −18.5546 located at (x = 9.0399, y = 8.6673). To find the global minimum, a 
total of 1092 = (25 + 1) × 42 experiments were conducted.

3.5	 RANDOM TAGUCHI’S METHOD
In the optimization process of Taguchi’s method, the optimal levels are determined by a response 
table and the corresponding values are assigned to the central levels in the next iteration. Other 
entries are obtained by adding/subtracting the optimal level value with level difference, LD n i( ) . 
Thus, the search capability is confined by the level difference. When the level difference is small, 
the optimization may stick at local results. 

To offer entries more optimization search capability, all level values except the central one are 
determined using random functions. This modified method is called here Random-Taguchi’s method. 
For an optimization process of Random-Taguchi’s method using a three-level OA, entries of level 
1, xn i

1, and level 3, xn i

3, are determined by the following equations:
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FIGURE 3.12:  The fitness curve of (3.10) using Random-Taguchi’s method. The optimized global 
minimum is −18.5547 located at (x = 9.0395, y = 8.6665) after 360 iterations using Random-Taguchi’s 
method with three-level OA. A total of 3600 experiments were conducted.
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where rand1,2() are uniform random values ranging from 0 to 1. Entries of xn i

1 and xn i

3 move freely 
between min and xn i

2
, and between xn i

2
 and max, respectively. Note that no rr or RR is required 

in the Random-Taguchi’s method. Therefore, the proposed approach can avoid sticking at a local 
optimum.

Random-Taguchi’s method is used for searching the global minimum of (3.10). The optimi-
zation range is 0 to 10 for both x and y directions; the converged rate is set to 0.0001; and a three-
level OA, OA(9, 2, 3, 2), is used in (3.10). The optimized result is shown in Fig. 3.12. After 360 
iterations, the global minimum is successfully found by Taguchi’s method. The optimized fitness is 
−18.5547 located at (x = 9.0395, y = 8.6665).

From this example, it is clear that the Random-Taguchi’s method can successfully avoid local 
minimum. However, one has to pay the price of the increased number of experiments. In this case, 
3600 experiments were conducted to find the global minimum, which is more than that of tradi-
tional Taguchi’s method. The reason is that random values are used in the optimization process.

•  •  •  •
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4.1        INTRODUCTION OF LINEAR ANTENNA ARRAYS
Antenna array is an important area in EM and antenna engineering. It is used to realize specific 
radiation pattern, high antenna gain, and beam scanning capability. Antenna arrays are formed by 
assembling identical (in most cases) radiating elements such as dipoles and microstrip antennas. 
The array may be linear, planar, or volume array. In a linear array, the antenna elements are located 
along a straight line. A planar array has the elements distributed on a plane while a volume array has 
a three-dimensional distribution of the antenna elements. Linear antenna array is the basis for all 
antenna arrays and its design methodologies can be applied to other types of arrays.

Antenna pattern synthesis can be classified into several categories or groups [37, Chapter 7]. 
One of these groups requires that the antenna patterns possess nulls in desired directions. This 
property is widely used in smart antenna systems to eliminate the interference from specific noise 
directions. The Schelkunoff polynomial method is an effective approach to synthesize the null 
controlled patterns.

Another group requires that the antenna patterns exhibit a desired distribution in the entire 
visible region, which is also referred to as beam shaping. A typical example is the design of a sector 
beam pattern, which allows the antenna array to have a wider angular coverage. This is usually ac-
complished using the Fourier transform technique and the Woodward–Lawson method.

A third group usually requires antenna patterns with narrow beams and low side lobes. This 
guarantees the radiating or receiving energy to be more focused in specific directions. Various tech-
niques such as the binomial method, Dolph–Chebyshev method, and Taylor line-source are pro-
posed to serve this purpose.

In this chapter, Taguchi’s optimization method is used to design three linear antenna arrays, 
where each array belongs to one of the groups mentioned above. Although they have different pat-
tern requirements, the design process for the three arrays follows the same implementation proce-
dure. It well demonstrates the versatility and robustness of Taguchi’s optimization method.

4.2        ARRAY WITH NULL CONTROLLED PATTERN
The first design objective is to optimize the excitation magnitudes of array elements so that the 
corresponding array factor (AF) has nulls at specific directions [16–17, 19–21]. Fig. 4.1 depicts the 

chapter        4
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antenna array geometry, which has 20 equally spaced elements along the z axis. The element spacing 
 is a half-wavelength, and the excitations of the array elements are symmetric with respect to the  
x axis. Therefore, the excitation magnitudes of the 10 elements will be optimized in the range of  
[0, 1] to obtain an AF with prescribed nulls.

To use Taguchi’s method, a proper OA needs to be selected first. Since there are 10 excita-
tion magnitudes to be optimized, the OA to be selected should have 10 columns to represent these 
parameters. To characterize the nonlinear effect, three levels are necessary for each input parameter. 
Usually, an OA with a strength of 2 is efficient for most problems. Therefore, an OA with 10 col-
umns, 3 levels, and 2 strengths is required. After searching the OA database [30], an OA(27, 13, 3, 2) 
is adopted for this problem. The first 10 columns of the OA are used for optimization process, and 
the remaining columns are ignored. Hence, the original OA becomes the OA(27, 10, 3, 2).

For a 20-element symmetrical array, the AF can be written as: 

	
,]cos)(cos[)(2)(

10

1

)(∑
=

=
n

nj ndenaAF θβθ ϕ

	 (4.1)

where b is the wave number; )(na , j(n), and )(nd  are the excitation magnitude, phase, and location 
of the nth element, respectively. Since only 10 excitation magnitudes should be optimized, the phase 
of each element is equal to 0 for this problem. The AF can be simplified as:

	 ∑AF a n d( )   n θ2 cos[ ] .β=
10

1n=
( ) cosθ ( ) 	 (4.2)

The fitness function is chosen according to the optimization goal. The following fitness func-
tion is used in the optimization:

	

Fitness AF d= −[ ]( ) ,+
θ∫

1 sgn180
°0 2

°
AF (θ ) [ (AF(θ ) −AFd (θ )) ]dθ

	

(4.3)

θ

x

z 
12 21 1010

FIGURE 4.1: Geometry of a 20-element, equally spaced linear array.
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where )(θAF  is the pattern obtained from (4.2), and it is a linear scale; )(θdAF  is a mask for the 
desired null controlled pattern; and dq is the angular interval, which is set to 0.1º. The desired an-
tenna pattern is shown in Fig. 4.2 by the dashed lines. Two nulls are desired to exist between 50º 
and 60º, and between 120º and 130º, having a magnitude of less than -55 dB. Basically, the fitness 
can be considered as the difference area between the desired pattern and the obtained pattern. 
When the obtained pattern is within the mask, )(θ dAF < AF θ( ), its contribution to fitness is 0. 
When the obtained pattern is outside the mask, )(θ dAF AF θ( )> , it increases the fitness value. 
Apparently, the smaller the fitness value, the better the match between the obtained pattern and 
the desired one.

In this optimization case, the converged value is set to 0.002, and rr is set to 0.75. When this 
optimization process has been executed for 23 iterations, an optimal null control pattern is obtained, 
as presented in Fig. 4.2. The result shows that the beam width at -40 dB side lobe level (SLL) is 
20.9º, the half power beam width (HPBW) is 7.4º, and nulls are below -55 dB in the angle ranges 
of [50º, 60º] and [120º, 130º], as desired. The optimized excitation magnitudes of the elements 
from number 1 to number 10 are as follows: [0.603, 0.577, 0.530, 0.459, 0.379, 0.294, 0.214, 0.155, 
0.082, 0.046], as shown in Fig. 4.3. To illustrate the efficiency of Taguchi’s method, the convergence 
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FIGURE 4.2: Null controlled pattern of an optimized 20-element linear array. The dashed lines are the 
desired pattern, which has prescribed nulls at [50º, 60º] and [120º, 130º] with level of -55 dB and has a 
3-dB beam width of 7.4º. From [17], copyright © IEEE 2007.
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FIGURE 4.3: Optimized excitation magnitudes of the linear antenna array with a null-controlled  
pattern shown in Fig. 4.2. From [17], copyright © IEEE 2007.
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FIGURE 4.4: Convergence curve of the fitness value of the 20-element, equally spaced linear array for 
the null-controlled pattern design. From [17], copyright © IEEE 2007.
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curve of the fitness value is plotted in Fig. 4.4. It is observed that the fitness value converges to the 
optimum result quickly.

4.3         ARRAY WITH SECTOR BEAM PATTERN
To further demonstrate the validity of Taguchi’s method, a relatively complex case, a sector beam 
pattern design, is attempted here. In this design, the same 20-element array in Fig 4.1 is used again, 
but both excitation magnitudes and phases of the array elements are to be optimized to shape the 
antenna pattern [23], [38, Chapter 3]. Thus, an OA(81, 20, 3, 2) [30], which offers 10 columns of 
magnitudes and 10 columns of phases, is adopted in this sector beam pattern synthesis.

The requirements for the sector beam pattern are shown in Fig. 4.5 using dashed lines. To 
define the sector beam, there are two specific angular regions. Region I ranges from 78º to 102º, 
where ripples should be smaller than 0.5 dB.  Region II controls SLLs, which are all below -25 dB 
between 0º and 70º and between 110º and 180º.

The optimization ranges of the excitation magnitude and phase of each element are from 0 
to 1 and from -p to p, respectively. Equation (4.3) is used for evaluating the fitness value during 
the optimization process. Since this sector beam pattern problem is more sophisticated, rr may be 
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FIGURE 4.5: Sector beam pattern of an optimized 20-element linear array. The dashed lines are the 
desired pattern mask, which requires ripples in region I smaller than 0.5 dB and SLLs in region II lower 
than -25 dB. From [17], copyright © IEEE 2007.
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set to a larger value to offer fine searching ability to the optimizer. rr is set to 0.9 in this case. The 
converged value is set to 0.002.

The convergence curve of the fitness value is presented in Fig. 4.6. After 60 iterations, an 
optimum sector beam pattern is obtained as plotted in Fig. 4.5. It has a ripple of 0.48 dB in region 
I, the beam width at -25 dB SLL is 41.2º, and the HPBW is 28.1º. The optimized excitation mag-
nitudes of the elements from number 1 to number 10 are [0.437, 0.321, 0.188, 0.122, 0.132, 0.130, 
0.079, 0, 0, 0], as shown in Fig. 4.7(a). The optimized excitation phases (degree) of the elements are 
[9.03, 2.51, -16.74, -77.72, -119.81, -112.63, -111.57, -111.27, -170.14, -175.43], as shown in 
Fig. 4.7(b). The optimized result indicates that a 14-element symmetrical linear array is capable of 
realizing the same design goal but with less antenna elements.

The same sector beam problem was optimized in [23] using the PSO method. The desired 
pattern was obtained by using 20 particles and running around 800 iterations. Thus, the total exper-
iments needed were 16 000. However, only 4920 experiments (82 experiments by 60 iterations) are 
required to achieve the same goal by Taguchi’s method. A comparison plot is presented in Fig. 4.8. 
The reduction in the number of experiments is around 70%, which shows that Taguchi’s method is 
quicker than PSO to achieve the same optimization goal for this problem.
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FIGURE 4.6: Convergence curve of the fitness value for the 20-element, equally spaced linear array of 
the sector beam pattern design. From [17], copyright © IEEE 2007.
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FIGURE 4.7: Optimized element excitations of the linear antenna array with a sector beam pattern 
shown in Fig. 4.5. (a) The magnitudes of elements and (b) the phases of elements. From [17], copyright 
© IEEE 2007.
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4.4        ARRAY WITH SUPPRESSED SIDE LOBE LEVELS
Taguchi’s method is also applied in the optimization of an unequally spaced linear array [19, 24–25]. 
The geometry of a symmetric 10-element unequally spaced linear array is shown in Fig. 4.9. The 
element positions are located within a given aperture size of 5 l. The excitation of each element is 
uniform in this case, and the locations of the elements are optimized to suppress the SLL. There-
fore, the AF for this case is written as

	

AF kd nθ( ) 2 [ ]= ∑
5

n=1
cos ( )cos(θ ) .

	

(4.4)

The goal of this optimization is to suppress the SLL under -18.96 dB, which is reduced by 6 
dB compared with that of an equally spaced linear array [25]. Meanwhile, it is required to maintain 
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FIGURE 4.8: Comparison of total numbers of experiments required in PSO [22] and in Taguchi’s opti-
mization method for the sector beam pattern optimization problem. From [17], copyright © IEEE 2007.
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FIGURE 4.9: Geometry of a 10-element, unequally spaced linear array. The element excitations are 
uniform, and the locations are optimized to suppress the SLLs.
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TABLE 4.1:  An OA(18, 5, 3, 2) is used for the unequally 
spaced linear array design

Experiments
Elements

1 2 3 4 5

1 1 1 1 1 1

2 2 2 2 2 2

3 3 3 3 3 3

4 1 1 2 3 2

5 2 2 3 1 3

6 3 3 1 2 1

7 1 2 1 3 3

8 2 3 2 1 1

9 3 1 3 2 2

10 1 3 3 1 2

11 2 1 1 2 3

12 3 2 2 3 1

13 1 2 3 2 1

14 2 3 1 3 2

15 3 1 2 1 3

16 1 3 2 2 3

17 2 1 3 3 1

18 3 2 1 1 2
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TABLE 4.2:  Initial level values of each element in the first iteration of a  
10-element, unequally spaced linear array problem (unit: wavelength)

Experiments
Elements

1 2 3 4· 5

1 0 0.5 1 1.5 2

2 0.25 0.75 1.25 1.75 2.25

3 0.5 1 1.5 2 2.5

4 0 0.5 1.25 2 2.25

5 0.25 0.75 1.5 1.5 2.5

6 0.5 1 1 1.75 2

7 0 0.75 1 2 2.5

8 0.25 1 1.25 1.5 2

9 0.5 0.5 1.5 1.75 2.25

10 0 1 1.5 1.5 2.25

11 0.25 0.5 1 1.75 2.5

12 0.5 0.75 1.25 2 2

13 0 0.75 1.5 1.75 2

14 0.25 1 1 2 2.25

15 0.5 0.5 1.25 1.5 2.5

16 0 1 1.25 1.75 2.5

17 0.25 0.5 1.5 2 2

18 0.5 0.75 1 1.5 2.25
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FIGURE 4.10: Convergence curve of the fitness value of the 10-element, unequally spaced linear array 
for the suppressed SLL design.
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a similar beam width. Equation (4.3) is used again for evaluating the fitness value during the opti-
mization process.

An OA(18, 5, 3, 2) [30] shown in Table 4.1, which offers five optimization parameters cor-
responding to the location of five antenna elements, is used in this study. To start the optimization-
process, the initial level values of the parameters 

2

1
)(nd  are set to the locations of an equally spaced 

linear array, and LD1 is set to quarter wavelength. Table 4.2 shows the initial values of each element 
in the first iteration. In this optimization case, the converged value and rr are set to 0.002 and 0.9, 
respectively.

After 60 iterations, an optimized pattern is obtained since the fitness is converged, as shown 
in Fig. 4.10. The pattern of the unequally spaced array is compared with the equally spaced ar-
ray pattern in Fig. 4.11. It is observed that the SLL is successfully suppressed to -18.96 dB while 
maintaining the same main beam shape as that of the equally spaced array. In the optimized result, 
the side lobes have approximately the same level. The beam width is 20.7º, SLL is -18.96 dB, and 
HPBW is 9.8º. The optimized locations of the elements from number 1 to number 5 are [0.1996 l, 
0.6588 l, 1.1166 l, 1.7190 l, 2.4195 l].

•  •  •  •
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Planar Filter Designs

5.1	 INTRODUCTION OF PLANAR FILTERS
Microwave filters are widely used in telecommunication equipments. Filters are used to suppress 
the noises coming from the environment, prevent spurious signals from interfering with other sys-
tems, and allow desired signals to pass through within a specific frequency band. Although filters 
built with lumped elements can realize the desired frequency responses, it is difficult to control the 
lumped elements’ properties in the microwave band. Instead, filters consisting of distributed trans-
mission line elements are usually used in microwave applications.

The printed planar-type filters are composed of several stubs of microstrip lines or copla
nar strips, and need to be accurately modeled due to high-frequency effects such as dispersion and 
dielectric/conductor loss. Therefore, an efficient optimization technique and a full-wave EM simulator 
are necessary tools for an optimum design of such filters. In this study, a full-wave commercial soft
ware (IE3D [26]) along with an external Taguchi’s method-based optimizer is used to design various 
filters, namely, a microstrip band stop filter (BSF), a coplanar waveguide BSF, and a microstrip band 
pass filter (BPF). The desired frequency responses of the designed filters are successfully achieved  
with only a few numbers of iterations.

5.2	 INTEGRATION OF TAGUCHI’S METHOD WITH IE3D
Fig. 5.1 shows the flowchart of the optimization procedure. The initial dimensions of a filter are 
used as starting points in the optimization process. IE3D, a full-wave EM simulator based on 
method of moments, is utilized to compute S parameters of the filter. In IE3D, an EM problem is 
analyzed according to *.sim and *.geo input files, which contain the simulation information and the 
dimensions of optimized parameters. The simulation results are stored in an *.sp output file.

Taguchi’s method is applied as the external optimizer to drive the IE3D engine. The optimi-
zation code is developed such that it can change the contents of the *.sim file to control the IE3D 
simulation. Fig. 5.2 shows the partial contents of an *.sim file. In each iteration, the dimensions of a 
filter, as indicated by a grey background in Fig. 5.2, are determined by Taguchi’s method. Note that 
the value of a dimension is an offset value from the initial dimension of each parameter, and it may 
not exceed either the higher bound or the lower bound of the parameter.

chapter        5
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FIGURE 5.1:  Flowchart of filter optimization.

<OptimVariables id="opt" name_convention="1" > 
<ObjList id="this"> 
<OptimVariable comment="L5" End="0" HighBound="1.5" LowBound="-1.5" Noffset="1" Start="-0.523" 
StepDeriv="0" > 
</OptimVariable> 
<OptimVariable comment="L4" End="0" HighBound="1" LowBound="-1" Noffset="1" Start="0.410" 
StepDeriv="0" > 
</OptimVariable> 
<OptimVariable comment="S1" End="0" HighBound="0.05" LowBound="-0.05" Noffset="1" Start="0.009" 
StepDeriv="0" > 
</OptimVariable> 
<OptimVariable comment="S2" End="0" HighBound="0.1" LowBound="-0.1" Noffset="1" Start="-0.037" 
StepDeriv="0" > 
</OptimVariable> 
<OptimVariable comment="S3" End="0" HighBound="0.1" LowBound="-0.1" Noffset="1" Start="-0.054" 
StepDeriv="0" > 
</OptimVariable> 
<OptimVariable comment="L1" End="0" HighBound="0.5" LowBound="-0.5" Noffset="1" Start="0.164" 
StepDeriv="0" > 
</OptimVariable> 
<OptimVariable comment="L2" End="0" HighBound="0.5" LowBound="-0.5" Noffset="1" Start="0.252" 
StepDeriv="0" > 
</OptimVariable> 
<OptimVariable comment="L3" End="0" HighBound="0.5" LowBound="-0.5" Noffset="1" Start="0.000" 
StepDeriv="0" > 
</OptimVariable> 
</ObjList>
</OptimVariables>

FIGURE 5.2:  Partial contents of an *.sim file.
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After each simulation experiment, the optimization code can read the simulated S parameter 
results from the *.sp file to calculate the fitness value. Fig. 5.3 shows the partial contents of an *.sp 
file. The first five rows contain the output message. The first column contains frequency points, 
which are set by the user. The second column contains the magnitudes of S11 in linear scale. The 
third column represents the phases of S11 in degrees. If the number of columns is more than 3, the 
remaining columns are other S parameters by orders of S12, S21, and S22, respectively.

Once the full-wave simulations of all experiments in the same iteration are finished, the com-
puted fitness values are used to build a response table and optimum levels are identified accordingly. 
The remaining procedure is the same as the Taguchi method discussed in Chapter 3. If the results 

! Zeland S-Parameters Output Version 2.0   
# GHZ S MA R 50 
! Nport = 2 
!

5 0.32827 -167.78 0.93846 -77.115

5.15 0.32856 -170.16 0.93839 -79.545

5.3 0.32792 -172.58 0.93858 -82.003

5.45 0.3263 -175.04 0.93905 -84.493

5.6 0.32361 -177.53 0.93984 -87.021

5.75 0.31975 179.92 0.94096 -89.593

5.9 0.31463 177.33 0.94243 -92.215

6.05 0.30812 174.68 0.94429 -94.894

6.2 0.30009 171.97 0.94653 -97.639

6.35 0.2904 169.2 0.94916 -100.46

6.5 0.27886 166.36 0.95219 -103.36

6.65 0.26527 163.44 0.9556 -106.37

6.8 0.2494 160.44 0.95935 -109.48

6.95 0.23101 157.37 0.96339 -112.72

7.1 0.20979 154.23 0.96764 -116.1

FIGURE 5.3:  Partial contents of an *.sp file.
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do not meet the termination criteria, the dimensions of the filter in *.sim file are modified for the 
next iteration. The procedure described by the flowchart in Fig. 5.1 is repeated until the optimum 
result is obtained.

5.3	 MICROSTRIP BAND STOP FILTER
A symmetrical double-folded stub microstrip BSF [39, 40], as shown in Fig. 5.4, is used as the 
first example to demonstrate the validity of Taguchi’s method in filter design. The thickness of the 
substrate is 5 mil, and the relative dielectric constant is 9.9. The characteristic impedance of all 
microstrip lines is 50 Ω, and the corresponding width W is 4.8 mil.

The filter specifications, which are drawn as dotted lines ( S d21, ) in Fig. 5.5, are defined as

Region I:	 S d21 30, < < <dB for 12 GHz 14 GHzf− 	 (5.1)

Region II: 	 S fd21 3, < dB for 16.5 GHz and 9.5 GHz− < f <    	 (5.2)

where S d21,  is the magnitude of the desired transmission coefficient. In Fig. 5.4, three parameters, 
L1, L2, and S, are to be optimized to achieve the design goal of the BSF. An OA(9, 3, 3, 2) [30], 
which offers three columns for L1, L2, and S, is adopted in this BSF optimization and is shown in 
Table 5.1. At the beginning of the optimization process, the initial filter dimension of L1 is 74 mil, 
L2 is 62 mil, and S is 13 mil. The optimization ranges of L1, L2, and S are from 54 to 94, 32 to 92, 
and 4 to 21 mil, respectively.

L1

S

W

L2

L2

S

FIGURE 5.4:  Geometry of the microstrip band-stop filter.
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TABLE 5.1:  A three-level OA(9, 3, 3, 2) 
for three parameters L1, L2, and S

L1 L2
S

1 1 1 1

2 1 2 3

3 1 3 2

4 2 2 2

5 2 3 1

6 2 1 3

7 3 3 3

8 3 1 2

9 3 2 1
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FIGURE 5.5:  The optimized 21S  compared with the 21S
 
obtained by a gradient method, the 21S  of the 

original prototype BSF, and the design specification ( S d21, ).
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The following fitness function is used in the optimization:
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) , 	 (5.3)

where w1 and w2 are the weights of region I fitness and region II fitness, respectively; the unit of 
frequency is gigahertz; and the df is the frequency interval set to 0.15 GHz. Basically, the fitness 
can be seen as the difference area which the obtained 21S  exceeds the desired 21,dS  in region I, and 
the desired 21,dS  exceeds the obtained 21S  in region II. The smaller the value of the fitness function 
is, the closer the results are toward the desired design goal. The ideal fitness value is 0, which means 
that the optimized results fully satisfy the design goal. Since 21S  (decibel scale) in region II is smaller 
than that in region I, to balance the priority in the two regions, the w2 should be set larger than w1. 
Therefore, in this BSF optimization, the value of w1 is set to 1, and w2 is set to 5. In addition, the 
converged value is set to 0.05, and rr is set to 0.8.

After 11 iterations, the fitness value reaches 0, and the optimization process ends due to the 
fact that the design goal was achieved. The convergence curve of fitness is presented in Fig. 5.6, 
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FIGURE 5.6:  Convergence curve of the fitness value of the BSF design.
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which demonstrates the efficiency of Taguchi’s method. The dimensions of the initial BSF, obtained 
by Taguchi’s method, and the ones optimized by the gradient method [39] are listed in Table 5.2.

The 21S  of the BSF optimized by Taguchi’s method, the 21S  of the BSF optimized by the 
gradient method [39], the 21S  of the original prototype BSF, and the design specification 21,dS  are 
all shown in Fig. 5.5. The desired frequency response of S21 is achieved, which demonstrates the 
validity of Taguchi’s method.

5.4	 COPLANAR WAVEGUIDE BAND STOP FILTER
A coplanar waveguide (CPW) line with a compact BSF [41], as shown in Fig. 5.7, is used as the 
second example to demonstrate the validity of Taguchi’s method in filter design. The BSF is fabri-
cated on the Rogers RO 4003C substrate with the thickness of the substrate as 0.813 mm. The relative 
dielectric constant is 3.38. The characteristic impedance of the CPW line is 50 Ω. The corresponding 
width Wf  is 5.0 mm, and the gap g between ground plane and the CPW line is 0.25 mm.

A stop-band feature at the center frequency (5.5 GHz) of the WLAN frequency band (5.15–
5.825 GHz) is desired. The design specification is taken as:

	 21S < −35 dB  at  5.5 GHz .	 (5.4)

In Fig. 5.7, four parameters, W1, L1, W2, and L2, are optimized to achieve the design goal of the 
BSF. An OA(9, 4, 3, 2) [30], which offers four columns for W1, L1, W2, and L2, is adopted in this BSF 
optimization. The dimensions and optimization ranges of the initial BSF are shown in Table 5.3.

The following fitness function is used in the optimization:

	 Fitness S f Hz= 11 5 5 )G= .(  .	 (5.5)

TABLE 5.2:  The dimensions (in mils) of prototype BSF, obtained by Taguchi’s method,  
and optimized by the gradient method

Parameters Prototype
Optimized by 
gradient [39]

Optimized by  
Taguchi’s method

L1 74.0 91.82 92.26

L2 62.0 84.71 84.64

S 13.0 4.80 5.12
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Note that the fitness value is the absolute value of S11 in decibel scale. The smaller the value 
of the fitness function is, the better the band-stop performance at 5.5 GHz. The ideal fitness value 
is 0, which means that the incoming signal is completely rejected by the BSF. The fitness value is 
converted to the S/N ratio (η) in Taguchi’s method using (3.5) to build the response table. Hence, 
a small fitness value results in a large S/N ratio. The response table is created in each iteration. For 
example, the response table of the first iteration is shown in Table 5.4.

Not only can the response table identify the optimal combination of parameters, but it can 
also determine the parameters’ importance in affecting the filter performance. The difference be-
tween the maximum S/N ratio and the minimum S/N ratio of a parameter indicates the relative 
influence of the output, which is the fitness or S parameter response in this case. The larger the 
difference is, the stronger the influence. In the first iteration, the differences of S/N ratios of four 
parameters are calculated and also shown in Table 5.4. Therefore, the largest difference is ranked 
number one for L1, which means that L1 is the most influential parameter affecting fitness in the 
first iteration.

FIGURE 5.7:  Geometry of the CPW line with a compact band-stop filter.
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In this BSF optimization case, the converged value is set to 0.01, and rr is set to 0.8. Only 
after six iterations does the optimization process end due to the fact that the design specification in 
(5.4) is achieved. The fitness value at the sixth iteration is 0.125. The convergence curve of fitness is 
presented in Fig. 5.8, which again demonstrates the efficiency of Taguchi’s method.

The optimized dimensions of the optimized BSF are listed in Table 5.3 and are used to de-
sign a UWB antenna with a band-stop feature in the next chapter. Before the optimization process, 
the S11  and 21S  of the initial BSF are quite poor as shown in Fig. 5.9. The S11  and 21S  of the BSF 
optimized by Taguchi’s method are also shown in Fig. 5.9 for comparison. The frequency response 

21S  of the optimized BSF at 5.5 GHz is −38 dB, which satisfies the optimization goal.

TABLE 5.3:  The initial values, optimization ranges, and optimized values of the  
BSF parameters (all dimensions are in millimeters).

Parameters W1 L1 W2 L2

Initial 0.75 4.75 0.4 0.4

Optimization range 0.75–1.29 3.95–6.35 0.4–0.66 0.2–0.5

Optimized 1.29 5.60 0.65 0.38

TABLE 5.4:  Response table after the first iteration of the CPW BSF  
optimization (decibel)

η
Parameters

W1 L1 W2 L2

Level 1 −22.948 −23.407 −21.989 −20.843

Level 2 −21.49 −22.257 −20.983 −21.89

Level 3 −19.574 −18.347 −21.039 −21.279

η −ηmax min 3.374 5.060 1.006 1.048

Ranking 2 1 4 3



54  Electromagnetics and antenna optimization

1 2 3 4 5 6
0

2

4

6

8

10

Iteration

F
itn

es
s

X: 6
Y: 0.1252

FIGURE 5.8:  Convergence curve of the fitness value of the CPW BSF design.
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To determine which parameter has the major effect, the rankings of the four parameters are 
recorded in each iteration, as shown in Table 5.5. The mean of ranking is calculated for each param-
eter, and the overall ranking is identified as well. Therefore, the most influential parameter affecting 
the fitness or input impedance matching of the BSF is L1. This ranking provides good guidance to 
achieve the proper tolerances while manufacturing the filter. The capability of identifying the most 
important design parameters is another useful feature of the proposed Taguchi’s method.

5.5	 MICROSTRIP BAND PASS FILTER
A six-pole, edge-coupled, microstrip BPF is shown in Fig. 5.10 as the third optimization example 
using Taguchi’s method [42]. In the geometry of the proposed filter, the width (W ) of the coupled 
lines (L1 to L3) and resonant lines (L4 and L5) is fixed to 0.26 mm. The width (W50) and length (L50) 
of the 50-Ω microstrip lines, which connect the input and output ports, are also fixed to 0.567 and 
10.0 mm, respectively. The BPF is designed on a substrate with a thickness of 0.64 mm, a dielectric 
constant of 10.2, and a dielectric loss tangent of 0.0023 according to the manufacturer specifications 
of Rogers RO 3010 material.

TABLE 5.5:  Rankings of the CPW BSF  
optimization parameters

Iteration
Parameters

W1 L1 W2 L2

1 2 1 4 3

2 4 1 2 3

3 4 1 2 3

4 3 1 2 4

5 3 1 2 4

6 3 1 2 4

Mean of ranking 3.17 1.00 2.33 3.50

Overall ranking 3 1 2 4
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FIGURE 5.10:  Geometry of the six-pole, edge-coupled, microstrip band-pass filter. From [42], copy-
right © IEEE 2007.
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The filter specifications, which are drawn as dotted lines in Fig. 5.11, are taken from [43]:

Region I:	 11 15 dB, for 4GHz 5 GHz ,f−<S < < 	 (5.6)

Region II:	 21 35 dB, for 3.5 GHz and 5.5 GHzS −< ><f f  .	 (5.7)

The same optimization procedure described in the previous section is applied again. The 
dimensions of the BPF are modified in each iteration until the results of the S parameters meet the 
termination criteria.

The initial length of coupled lines (L1–L3) and resonant lines (L4 + L5) is set to 6.2 mm, which 
is around a quarter wavelength at 4.5 GHz. The initial spacing between the coupled lines (S1–S3) 
can be obtained by the parallel-coupled line formulas [43]. Therefore, the initial values of S1, S2, and 

S3 are equal to 0.254, 0.413, and 0.432 mm, respectively. A summary of the initial dimensions of the 
BPF is shown in Table 5.6.

TABLE 5.6:  The initial dimensions, optimization ranges, and optimized dimensions obtained 
by Taguchi’s method of the BPF case shown in Fig. 5.10 (all dimension are in millimeters)

Parameters
Initial  

dimensions
Optimization 

range
Optimized  

dimensions

L1 6.2 5.7–6.7 6.364

L2 6.2 5.7–6.7 6.452

L3 6.2 5.2–7.2 6.200

L4 2.1 1.1–3.1 1.690

L5 4.1 2.6–5.6 3.577

S1 0.254 0.204–0.304 0.263

S2 0.413 0.313–0.513 0.376

S3 0.432 0.332–0.532 0.378

L50 10.0 0 10.0

W50 0.567 0 0.567

W 0.26 0 0.26
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Since there are eight parameters (L1–L5; S1–S3) that need to be optimized to achieve the 
design specifications of the BPF, an OA(27, 8, 3, 2) [30] that offers eight columns is adopted in 
the BPF optimization. The selected optimization ranges of the eight parameters are also shown in 
Table 5.6. Note that the optimization range of S1 is smaller than that of S2 and S3 to restrict the 
narrowest spacing between coupled lines to 0.2 mm.

The following fitness function is used in the optimization process:
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where w1 and w2 are identical in this example. The unit of frequency is gigahertz, and the df is the 
frequency interval which is set to 0.03 GHz. The fitness value can be seen as the difference area 
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FIGURE 5.12:  Convergence curve of the fitness value of the BPF design.
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where the obtained S21  exceeds the desired S d21,  
in region II, and the obtained S11  exceeds the 

desired S d11,  in region I. Therefore, a smaller fitness value reflects a better filter design.
In the Taguchi’s optimization process, the converged rate is set to 0.05, and rr is set to 0.8. 

After nine iterations, the fitness value approaches 0 and the optimization process ends. The conver-
gence curve of fitness is presented in Fig. 5.12. The optimized dimensions are listed in Table 5.6. 
The S11  and S21  of the optimized BPF are shown in Fig. 5.11. The desired frequency responses 
of S parameters are achieved, which again demonstrates the validity and efficiency of Taguchi’s 
method.

•  •  •  •
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Ultra-Wide Band (UWB)  
Antenna Designs

6.1        INTRODUCTION OF UWB ANTENNA
In 2002, the Federal Communications Commission (FCC) released the ultra-wideband (UWB) 
system whose spectrum covers from 3.1 to 10.6 GHz [27]. Since then, UWB antennas have at-
tracted more and more attention in the EM community. Recently, many UWB antennas have been 
designed and published. Some of them are nonplanar antennas [44–46] whose ground planes are 
vertical to the radiators as shown in Fig. 6.1. In contrast, planar UWB antennas are more desirable 
because of advantages such as low profile, light weight, low cost, and easy fabrication. Most planar 
UWB antennas are composed of patches, slots, or stubs of microstrip lines to achieve the wide band 
of impedance matching [47–51] as shown in Fig. 6.2. 

In this chapter, UWB antennas fed by a CPW line are designed, fabricated, and tested. 
Advantages of a CPW over a microstrip line are low radiation loss, balanced line, low dispersion, 

FIGURE 6.1: Various nonplanar UWB antennas whose ground planes are vertical to the radiators. (a) 
From [45], copyright © IEEE 2004. (b) From [46], reprinted with permission of John Wiley & Sons Inc.

chapter        6
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coplanar structure, and no vias needed. A full-wave commercial simulator, IE3D [26], along with 
an external Taguchi’s method based optimizer, is used to optimize the UWB antennas. The desired 
frequency response of the designed antenna is successfully achieved with only a few numbers of 
iterations. To avoid potential interference between the UWB and WLAN band, a UWB antenna 
with a band-notched feature at the center frequency (5.5 GHz) of WLAN frequency band is also 
designed and measured. The results of the optimized antennas show that the impedance bandwidth 
ranges from 3 to 12.1 GHz, which not only can cover the UWB spectrum but also can be used for 
X band radar applications.

6.2        A UWB ANTENNA DESIGN
The geometry of a UWB antenna is shown in Fig. 6.3. The antenna is fabricated on the Rogers RO 
4003C substrate with the dielectric constant εr = 3.38, thickness h = 0.813 mm, and loss tangent 
tanδ = 0.002. The parameter wf is the width of the CPW line, and g is the gap between the CPW 
line and the coplanar ground plane. The parameters wf and g are fixed at 5.0 and 0.25 mm, respec-
tively, to achieve a 50-Ω characteristic impedance. A pair of fork-like microstrip lines is located at 
the end of the CPW fed line, and the width of two microstrip lines, wm, is fixed at 2.0 mm. The 
ground plane size of the antenna is fixed at 55 mm by 55 mm with a rectangular slot in the middle. 

FIGURE 6.2: Planar UWB antennas composed of patches, slots, or stubs of microstrip lines to achieve 
the wide band of impedance matching. (a) An example composed of patches and microstrip lines; from 
[47], copyright © IEEE 2007. (b) An example composed of slot geometry; from [48], copyright © IEEE 
2006.
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FIGURE 6.3: The proposed geometry of the UWB antenna.

The rectangular slot width and length are W and L, respectively. In IE3D, the antenna is efficiently 
simulated using the magnetic current modeling method, which assumes an infinite ground plane. 

The UWB antenna specification is defined as 

	 S f11 <−10dB for 3 GHz < .< 12 GHz 	 (6.1)

Seven parameters, W, W1, W2, L, L1, L2, and S, are optimized to achieve the design goal of 
the UWB antenna. Note that a pair of metal patches located at the end of the fork-like microstrip 
lines is used to provide more degrees of freedom for the optimization approach when searching for 
the optimal solution. The optimization range of W2 is 2.0–9.0 mm. If the optimized value of W2 is 
2.0 mm, the two stubs would become simply extension parts of the microstrip lines since the width 
of the microstrip lines is also 2.0 mm. An OA(18, 7, 3, 2) [30] is adopted in this UWB antenna 
optimization. In the optimization process, the initial antenna’s dimensions and their optimization 
ranges are shown in Table 6.1.

The following fitness function is used in the optimization:

	 2
Fitness += ∫

12.0

3.0
( 12)S 11 dB ][ S 11

df
1 + sgn ( +12)

,	
(6.2)
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where the unit of frequency is gigahertz, and df is the frequency interval set to 0.1 GHz. The desired 
return loss is set to −12 dB, which provides a proper tolerance for the antenna to be designed with 
the required wideband characteristics. Basically, the fitness can be seen as the difference area where 
the obtained 11S  exceeds the desired dS ,11 . When the return loss is lower than −12 dB, the antenna 
has a good match and its contribution to fitness is 0. When the return loss is higher than −12 dB, 
it increases the fitness value. In summary, the smaller value the fitness function has, the better the 
results obtained towards the desired design goal. 

In the optimization process, the converged value is set to 0.01, and the RR is a Gaussian 

function, i.e., 
)

RR
−

e=
( i
T

2

 where T = 20, and the LD1(n) is increased 1.3 times of LD1(n).  After 
37 iterations, the optimization process ends since the termination criterion (3.8) is achieved. The 
convergence curve of fitness is presented in Fig. 6.4. The dimensions of the optimized antenna are 
also listed in Table 6.1. The stubs shrink and become microstrip lines due to the fact that the opti-
mized W2 is 2.0 mm.

TABLE 6.1:  The initial dimensions, optimization ranges, and optimized 
dimensions obtained by Taguchi’s method of the UWB antenna case shown in 

Fig. 6.3 (all dimensions are in millimeters)

Parameters
Initial 

dimensions
Optimization 

ranges
Optimized 

dimensions

W 32.2 28.2–40.2 33.38

W1 16 10–20 14.07

W2 5 2–9 2.0

L 21.1 16.9–24.1 22.57

L1 7 4–8.5 4.0

L2 5 3–6.5 3.0

S 1 0.4–2 1.26

g 0.25 0 0.25

wf 5.0 0 5.0

wm 2 0 2
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FIGURE 6.4: Convergence curve of the fitness value of the UWB antenna design.

The 11S  of the UWB antenna optimized by Taguchi’s method and the 11S  of the initial 
UWB antenna are shown in Fig. 6.5. It is observed that the desired frequency response of S11 is 
achieved. The simulated 11S  of the initial UWB antenna is quite poor. However, the simulated 

11S  obtained from Taguchi’s method can cover the frequency band from 3.0 to 13.3 GHz, which 
corresponds to an impedance bandwidth of 126.4% ( 11S < − 10 dB). The frequency ratio of upper 
to lower frequencies is 4.43:1. This situation shows that the proposed approach can successfully 
optimize the application of a UWB antenna and find the optimal solution.

To validate the optimized performance a UWB antenna is fabricated on the Rogers RO 
4003C substrate with the optimized dimensions shown in Table 6.1. A photo of the fabricated 
antenna is shown in Fig. 6.6. The antenna was measured using an HP 8510C network analyzer. 
Fig. 6.7 shows the simulated and measured voltage standing wave ratio (VSWR) of the proposed 
antenna. The measured VSWR can cover the frequency band from 2.8 to 12.1 GHz, which corre-
sponds to an impedance bandwidth of 124.8% (VSWR <2). The frequency ratio of upper to lower 
frequencies is 4.32:1. Good agreement between simulated and measured frequency responses in 
the UWB band (3.1–10.6 GHz) is observed. Obviously, the measured bandwidth can cover the 
UWB band, and the proposed antenna can also be used for applications of X band. 

Radiation patterns of the fabricated antenna are measured at 4, 5.5, 8.5, and 10 GHz. Figures 
6.8, 6.9, and 6.10 show radiation patterns in the x–z, y–z, and x–y plane, respectively. 
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FIGURE 6.5: The 11S  of the UWB antenna optimized by Taguchi’s method, and the 11S  of the initial 
UWB antenna.

FIGURE 6.6: Picture of the UWB antenna fabricated on Rogers RO 4003C substrate. The size of the 
antenna is 55 mm by 55 mm.
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6.3         A UWB ANTENNA WITH BAND-NOTCH PROPERTY
Since the spectrum of WLAN of IEEE 802.11a is located between 5.15 and 5.825 GHz, it is desir-
able that a UWB antenna has a band-notched feature at the center frequency (5.5 GHz) of WLAN 
frequency band to avoid potential interference between the UWB and WLAN bands. For slot 
antennas, conventional methods are used such as adding stubs in a slot [52] as shown in Fig. 6.11. 
For patch antennas, slots are incorporated on the patches [53–55] to obtain the band-stop feature, 
as shown in Fig. 6.12. However, the antenna’s geometry is changed, and the impedance bandwidth 
and return loss at other frequencies are affected as well. 

In this study, a compact coplanar waveguide BSF shown in Fig. 5.7 is applied to achieve 
a stop-band between 5 and 6 GHz without changing the antenna’s geometry or the frequency 
response outside the stop-band. This BSF was optimized, and results were shown in the previous 
chapter. The dimensions of the optimized BSF are used in this study. Note that the substrate and 
dimensions of CPW-fed lines are identical for both geometries.

The optimized UWB antenna with a compact BSF is fabricated on the Rogers RO 4003C 
substrate as shown in Fig. 6.13. The antenna was measured using HP 8510C network analyzer. Fig. 
6.14 shows the simulated and measured return loss of the proposed antenna. Measured results show 
that a band-stop spectrum from 4.6 to 5.9 GHz is achieved with a center frequency at 5.52 GHz. 
The measured S11 of the antenna with BSF can cover the frequency band from 2.50 to 10.88 GHz 
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FIGURE 6.7: The simulated and measured VSWR of the UWB antenna.
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FIGURE 6.8: Measured radiation patterns at 4, 5.5, 8.5, and 10 GHz in the x–z plane (normalized 
magnitude versus θ). Solid line is copolarization, and dotted line is cross-polarization.

except band-stop spectrum. Reasonable agreement between simulated and measured frequency re-
sponses is observed. Obviously, the measured bandwidth can cover the UWB band. The measured 
return loss curve slightly shifts to a lower frequency while almost maintaining the same frequency 
bandwidth (around 125%) compared with the measured return loss of the UWB antenna with BSF. 
However, in the higher frequency part, the −10 dB point of S11 decreases from 12.1 to 10.88 GHz 
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FIGURE 6.9: Measured radiation patterns at 4, 5.5, 8.5, and 10 GHz in the y–z plane (normalized 
magnitude versus θ). Solid line is copolarization, and dotted line is cross-polarization.

since the second-order resonant mode of the BSF occurs at 11 GHz so that the S11 over 11 GHz 
becomes poor.

Fig. 6.15 compares the computed gains of two UWB antennas over the entire frequency 
range. The results are calculated in IE3D. The simulated maximum gain is 4 dBi at 3 GHz and the 
gain increases when frequency increases. A null in the antenna gain is observed at 5.5 GHz for the 
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FIGURE 6.10: Measured radiation patterns at 4, 5.5, 8.5, and 10 GHz in the x–y plane (normalized 
magnitude versus φ). Solid line is copolarization, and dotted line is cross-polarization.

UWB antenna with BSF. The maximum gain is reduced significantly to −6 dBi, which is around 
10 dB lower than the one without BSF. This result shows that the BSF successfully blocks the 
spectrum around 5.5 GHz. Moreover, the two curves agree well outside the stop band, which dem-
onstrates that the BSF does not affect other frequency response. Similar observations are noticed 
in the measured data.
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FIGURE 6.11: An example of adding stubs in a slot antenna to obtain band-stop features. From [52], 
copyright © IEEE 2006.

FIGURE 6.12: Examples of cutting slots on the patches to obtain the band-stop feature. (a) From [53], 
copyright © IET 2007. (b) From [54], copyright © IEEE 2003.
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FIGURE 6.13: Picture of the UWB antenna with a compact BSF fabricated on a Rogers RO 4003C 
substrate. The ground plane size of the antenna is 55 mm by 55 mm.
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FIGURE 6.14: Simulated and measured return losses of the proposed antenna.
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OA-PSO Method

In previous chapters, Taguchi’s method demonstrates its great capability in EM and antenna op-
timizations. As a key part of Taguchi’s method, the OA concept can also be applied in other opti-
mization techniques to improve their performance. For example, this chapter introduces a hybrid 
method that integrates the OA concept with the PSO technique. We believe the discussion here 
will create more research opportunities for better optimization techniques.

7.1        CLASSICAL PSO METHOD
The PSO method [18] has been demonstrated to be effective in optimizing difficult, multidimen-
sional, and discontinuous problems in a variety of fields. Like bees searching a field for the location 
of the highest concentration of flowers, particles in PSO are attracted to the best location found by 
the entire swarm and to the best location personally encountered by the particle. Eventually, after 
being attracted to areas of high flower concentration, all bees swarm around the best location. As an 
evolutionary algorithm, PSO shares the ability of GA to handle arbitrary nonlinear cost functions. 
One advantage of PSO over GA is the algorithmic simplicity [33].

A flowchart of classical PSO is shown in Fig. 7.1. The entire swarm is composed of N par-
ticles, and each particle’s position has k dimensions needed be optimized. The optimization process 
starts from the problem initialization, which defines the solution space, fitness function, initial 
random positions xi, and velocities, vi, of the particles.

When an entire swarm discovers a solution, which is best, the position of the particle is stored 
in a vector, called Gbest. When a particle discovers a solution which is better than any it has found 
previously, the position of the particle is stored in a vector of the particle, called Pbest. If there are N 
particles, and each particle has k parameters that should be optimized, the Gbest is a 1-by-k vector, 
and Pbest is an N-by-k matrix.

The velocity of a particle for the next iteration is updated by the following equation: 

	 i
+vi + 1 = w v c1 rand () ( pbest , i i ) c+ 2 Rand () (G best i ) ,− x− x

	
(7.1)

where w is the “inertial weight” and is chosen between 0 and 1.0. Eberhart and Shi [56] suggested 
that the inertial weight w varies from 0.9 to 0.4 over the course of the iteration. In this research, the 
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inertial weight is decreased linearly from 0.9 to 0.4 over the first 400 runs and w = 0.4 is kept after 400 
iterations. This setting lets particles have more freedom to search the best position during the first 400 
iterations. The parameters c1 and c2 are the scaling factors that determine the relative “pull” of Pbest and 
Gbest [33, 57]. Increasing c1 raises the proportion of Pbest such that each particle is more encouraged to 
move toward its own best position. On the other hand, increasing c2 raises the proportion of Gbest such 
that each particle is more encouraged to move toward the current best position. Eberhart and Shi [57] 
suggested that the best choice for both c1 and c2 is 2.0. In addition, 1+iv  is limited by ± vmax, which is 
the maximum velocity allowed in a given direction. Usually, the value of maxv  is set to the half size of 
solution space. The rand() and Rand() are uniform random values that range between 0 and 1.

FIGURE 7.1: Flowchart of classical PSO.
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The new position of a particle for the next iteration is determined according to the following 
equation:

	 xi+1=xi + vi+1 . 	 (7.2)

When xi+1 hits the boundary of the optimization range in one of the dimensions, xi+1 is set to 
the bound value of optimization range. Meanwhile, the sign of the velocity is changed, which pulls 
the particle back toward the solution space.

The optimization process runs iteratively until the fitness of Gbest meets the termination cri-
terion. It is clear that the PSO is very simple to implement. Its efficiency in EM has been demon-
strated in several literatures [33].

7.2        OA-PSO Method and Performance Comparison
It can be seen that random values offer a wider degree of freedom for particles in the PSO process. 
However, it is not efficient to initialize the positions of particles using random values since random 
particles’ positions are not uniformly distributed in the entire solution space especially in large di-
mension problems and the positions may not be located near the optimal solution.

To overcome this drawback, an OA is used to initialize the positions of particles [58]. The basic 
idea is that an OA can offer fair and balanced distribution in the whole optimization range so that a par-
ticle may have a better opportunity to locate near the optimum. As a consequence, the optimization ef-
ficiency of the PSO can be improved. This modified PSO is called OA-PSO. Thus, the only difference 
between the OA-PSO and classical PSO is the initialization process. Instead of random values, the 
positions of particle are initialized by OA and the procedure is the same as in Section 3.1.2. Note that 
in this hybrid technique, the number of particles should be equal to the number of rows in an OA.

To compare the efficiency of the classical PSO and OA-PSO, the 10-element, unequally 
spaced linear array discussed in Chapter 4 is used again as a test example. The same OA (18, 5, 3, 2), 
which is an 18-by-5 array with three-level entries, is used in OA-PSO, and the initialized values of 
each element are shown in Table 4.2. For a fair comparison, the same number of experiments per 
iteration is used in classical PSO. Also, all the optimization settings, such as w, c1, c2, and converged 
rate, are kept identical in the two approaches.

Since random values are used in both PSO approaches, the optimization result is not the 
same in each run. Therefore, 200 independent runs are conducted using each approach and statisti-
cal analysis is performed on the obtained 200 samples. The statistical data, such as mean and stan-
dard deviation, are used to evaluate the performance of the two optimization approaches.

In this research, two kinds of efficiency comparisons are conducted. In comparison A, the 
number of iterations is fixed at 350 and the fitness value is recorded at the end of each independent 
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TABLE 7.1:  The efficiency comparison of two PSO approaches

Number of PSO particles: 18 PSO OA-PSO

Comparison A: fitness, fixed number of iterations at 350

  Mean 0.04547 0.03756

  Standard deviation 0.08458 0.07866

Comparison B: number of iterations, fixed fitness value at 0.001

  Mean 583 549

  Standard deviation 343 322

200 sample data analyzed for 10-element unequally spaced linear array
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run. The smaller the fitness value, the better the optimization method. In comparison B, the fitness 
value is fixed at 0.001 as the termination criterion, and then the number of iterations required in 
each independent run is recorded. A small number of iterations indicates an efficient optimization 
method.

The statistical results are shown in Table 7.1. The means in OA-PSO are less than those of 
classical PSO in both comparisons A and B. Therefore, the OA-PSO is better and more efficient 
than the classical PSO. In addition, the standard deviations of two comparisons in OA-PSO are also 
less than those of classical PSO, which means that OA-PSO is more robust than classical PSO.

A convergence comparison of two approaches is shown in Fig. 7.2. The termination criterion 
is set at 0.001 for the same unequally spaced linear array problem. The fitness value of OA-PSO in 
the first iteration is much smaller than that of classical PSO, which is benefited from the OA ini-
tialization. Also, OA-PSO reaches the design goal quicker than PSO. To sum up, the optimization 
performance of the hybrid OA-PSO method is better than that of classical PSO in this case.

•  •  •  •
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Conclusions

8.1 	 SUMMARY
In this book, a global optimization technique based on Taguchi’s method is introduced to the EM 
community. The concept of OA and the optimization procedure are described in details. The objec-
tive of this book was to demonstrate the validity and efficiency of Taguchi’s method by optimizing 
various kinds of antennas and microwave applications. Optimized results show that the desired 
optimization goals are successfully achieved.

The proposed optimization method is a systematic and efficient algorithm that can solve 
problems with a high degree of complexity using a relatively small number of experiments in the 
optimization process. Taguchi’s method can deal with a larger number of optimization parameters 
in a design; thus, it saves much time in a design process. Compared with other approaches such 
as gradient-based methods and PSO, Taguchi’s method is easy to implement and converges to the 
desired goals quickly. The basic optimization procedure is introduced first, and then followed by 
several advanced improvement techniques. By increasing the initial level difference, using five-level 
OA, and adopting a Random-Taguchi’s method, one could avoid the optimization process sticking 
at a local optimum. The optimization performance was also improved by using a Gaussian reduced 
function which speeded up the convergence of the optimization approach.

Taguchi’s method is a good candidate for optimizing both EM and other scientific and engi-
neering problems. In this book, we focus on the applications in EM and antenna engineering. The 
main contributions are summarized and listed below.

8.1.1 	L inear Antenna Arrays
Taguchi’s method was used to design three linear antenna arrays. The first antenna pattern possesses 
nulls in desired directions, which are widely used in smart antenna systems to eliminate the interfer-
ence from specific noise directions. The excitation magnitudes of a 20-element equally spaced linear 
array were designed. Optimized results showed that after 23 iterations, the beam width at −40 dB 
side lobe level is 20.9º, the HPBW is 7.4º, and nulls are below −55 dB in the angle ranges of [50º, 
60º] and [120º, 130º], as desired. The fitness value converged to the optimum result quickly.
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A sector beam pattern allows the antenna array to have a wider coverage, which exhibits a 
desired distribution in the entire visible region. To realize the sector beam pattern, we still use a 20-
element, equally spaced linear array. However, both excitation magnitudes and phases of the array 
elements were optimized to shape the antenna pattern. Thus, 20 parameters were optimized simul-
taneously in the optimization process. This problem is more complicated and can be considered as 
a high-dimension problem. After 60 iterations, the desired optimum sector beam pattern was ob-
tained. It has a ripple of 0.48 dB, the beam width at −25 dB SLL is 41.2º, and the HPBW is 28.1º. 
An efficiency comparison between Taguchi's method and PSO was also presented. The reduction in 
the required number of experiments is around 70%, which shows that Taguchi's method is quicker 
than PSO to achieve the same optimization goal.

The pattern of suppressed side lobe levels guarantees the radiating or receiving energy to be 
more focused on the specific directions. A 10-element unequally spaced linear array problem was 
studied. The element excitations are identical and the element locations were optimized to suppress 
the SLL. The goal of this optimization was the suppression of the SLL to −18.96 dB, which reduced 
it by 6 dB compared with that of the equally spaced linear array. The optimization results showed 
that the SLL was successfully suppressed to −18.96 dB after 60 iterations. The side lobes had ap-
proximately the same level. The beam width is 20.7º, SLL is −18.96 dB, and HPBW is 9.8º.

8.1.2 	P lanar Filter Design
Microwave filters are widely used in telecommunication equipments. In particular, passive planar 
types of filters are preferable in microwave regions. In this study, Taguchi’s optimization method 
integrated with a full-wave commercial simulator, IE3D, was used to optimize a microstrip BSF, 
a coplanar waveguide BSF, and a microstrip BPF. The detailed procedure of integrating Taguchi’s 
method with IE3D was presented. The desired frequency responses of the three planar filters were 
successfully achieved with only a few numbers of iterations, which demonstrated the benefits of this 
design methodology.

In the coplanar waveguide BSF design, Taguchi’s method is also used to determine the main 
effects of different parameters. The mean of the ranking and the overall ranking were calculated for 
each parameter to identify the most influential parameters affecting the fitness of the filter.

8.1.3 	 UWB Antenna Design
Recently, UWB antennas have received great attention in the EM community. Planar UWB an-
tennas are desirable because of advantages such as low profile, light weight, low cost, and easy fab-
rication. A UWB antenna fed by a CPW line was designed in this study. A full wave commercial 
simulator, IE3D, along with an external Taguchi-based optimizer was used to optimize a UWB 
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antenna. The desired frequency response of the UWB antenna was successfully achieved with only 
a few numbers of iterations. Furthermore, to avoid potential interference between the UWB and 
WLAN band, a UWB antenna with a band-notched feature at the center frequency (5.5 GHz) was 
also designed.

The optimized UWB antennas were fabricated and measured, and reasonable agreement be-
tween simulated and measured frequency responses was observed. The measured bandwidth ranges 
from 2.8 to 12.1 GHz, which covers both the UWB band (3.1–10.6 GHz) and X band for radar 
applications (8–12 GHz). For the UWB antenna with a band-notched feature, measured results 
showed that the S11 of the antenna with a BSF can cover the frequency band from 2.50 to 10.88 
GHz, which corresponds to an impedance bandwidth of 125.3%. A stop band was achieved with a 
center frequency at 5.52 GHz. Radiation patterns of the proposed UWB antennas were measured 
in an anechoic chamber and the data were presented in the book for references.

8.2 	 FUTURE WORK
As a novel global optimization technique in EM, we believe Taguchi’s method will have a profound 
impact in microwaves and antenna engineering. Some future works are suggested below, which are 
organized into two areas: algorithm and applications.

8.2.1 	 Algorithm
This book introduces the basic algorithm of Taguchi’s optimization method. Some fundamental 
questions need to be further addressed. For example, three levels and five levels of orthogonal ar-
rays are used in this book. Each has its own advantages and disadvantages. A further question is 
whether OA with two or four levels also works or not. In general, what is the guideline of selecting 
the number of OA levels?

For the examples discussed in this book, the optimization regions for all parameters are con-
tinuous space. If a discrete optimization space is presented in a problem, Taguchi’s method needs to 
be modified accordingly. Research development in this area is necessary for many real applications.

Hybrid optimization technique is another potential research direction. In this book, an OA-
PSO method is introduced and it shows better performance than the classical PSO method.  Inte-
gration of Taguchi’s method with other techniques will be attempted in the future. The validity and 
efficiency of hybrid optimization techniques will be carefully evaluated.

8.2.2 	 Applications
Besides the examples illustrated in previous chapters, Taguchi’s optimization method could be further 
applied in numerous EM problems. Several potential applications are suggested in the list below:
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Thinned antenna arrays. By turning some antenna elements ON or OFF, specific radiation 
patterns can be realized. Two-level OA may be used in this optimization case.
Electromagnetic band gap (EBG) structures. Due to the unique EM properties, EBG has 
been used in many antennas and microwave circuits. A challenging question is to realize 
compact and broadband EBG designs. Taguchi's optimization method could be a good 
tool for this design purpose.
Reflect array antennas. The planar geometry of reflect arrays is desirable in spacecrafts and 
mobile communication environments. To obtain a broad bandwidth, the element geometry 
and feed structure should be carefully designed. Many parameters affect the system perfor-
mance and Taguchi's method could provide an optimum design of these parameters.
Broadband impedance transformer and matching network. Similar to planar filters, these 
passive components are widely used in microwave circuits. As a robust and efficient tool, 
Taguchi's method can be used to optimize their frequency behavior.

In summary, we have an exciting experience during the development and applications of 
Taguchi's optimization method. We sincerely hope that readers will enjoy this method and find it 
useful in their own research. Readers comments and suggestions are always welcomed.

•  •  •  •
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