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CHAPTER 1 

Introduction 

1.1 Historical Background 

Many kinds of electromagnetic phenomena occur around us. They are 

thunders， static electricity and so on. It was 600 years before Christ， that the 

human first recognized these electromagnetic phenomena. A Greek noted 

that when amber is rubbed with silk， it produces sparks and attracts 

particles of fluff and straw. About 1750， Franklin established the law of 

conservation of charges and named the two kinds of charges positive and 

negative. Later， Coulomb measured electric and magnetic forces with a 

delicate torsion balance that he invented. In 1820 Ampere invented the 

solenoidal coil for producing magnetic fields and theorized that the atoms in 

a magnet are magnetized by the tiny circulating electric currents. At the 

same time， Ohm published his famous relationship between current， voltage 

and resistance known as Ohm's law. In 1831， :Faraday demonstrated that a 

changing magnetic field could produce electric current. Faraday's extensive 

experimental investigations enabled Maxwell to establish the 

interdependence of electricity and magnetism in a profound and elegant 

manner. Maxwell showed his equations and foretold the existence of 

electromagnetic waves in 1864， but many scientists of his time were 

skeptical of his theories. In 1886， Hertz generated and detected meter-

wavelength radio waves with an end loaded dipole as transmitter and a 

resonant square loop antenna as receiver. With the spark transmitter and 

receiver， he demonstrated that the polarization， reflection， and refraction of 

radio waves were identical with light except for a difference in wavelength. 

1 



Marconi designed tuning circuits， a 1arge antenna， and ground systems for 

10nger wave1engths and was ab1e to transmit signa1s over 10ng distances. In 

1901 he made a sensation by sending radio signa1s across the At1antic Ocean. 

The utilization of e1ectromagnetic waves has deve10ped rapidly since then. 

Now， e1ectromagnetic waves are used in many areas and we can not live a 

day comfortab1y without their use. 

The application of e1ectromagnetic waves is spreading over wide areas. 

Especially the radio communication has been rapid1y developed. Now we can 

communicate with anyone being anywhere "rith portab1e te1ephones. The 

information over the sea can be seen on television. We use e1ectromagnetic 

waves without paying any attention to them usually. Since Hertz and 

Marconi， antennas have become increasing1y important to our society and 

now they are indispensab1e. We can see them everywhere at homes and 

workp1aces， on cars and aircraft， whi1e ships， satellites and spacecraft bristle 

with them. In order to use e1ectromagnetic waves effective1y in the devices， 

antennas are the very important parts as the interfaces between space and 

circuits. It depends main1y on the antenna characteristics whether the 

effective system for transmitting or receiving e1ectromagnetic waves can be 

constructed or not. To achieve the effective system， we have to choose 

antennas that have suitab1e characteristics for the system， such as the 

directivity and input impedance. In the radio communications the operating 

wave1ength used usually are from a few centirneters to a few meters. When 

an antenna is 10cated in the neighborhood of a scatterer or an antenna， the 

antenna characteristics are different from the free space characteristics. For 

examp1e， the return 10ss and the radiation pattern are different from those 

when they are measured in free space. This is because of couplings between 
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the elements. Generally the coupling makes antenna behavior more complex 

and the antenna characteristics hard to predict， but it can give new and 

better characteristics that a single element can not have if the coupling is 

used effectively. A well-known TV recelVlng~ antenna， a Yagi-Uda array 

antenna is the case where the coupling is used effectively. A Yagi-Uda array 

antenna consists of three parts functionally. They are directors， reflectors 

and one driven element. This antenna effectively uses adjusted couplings 

between these elements. A Yagi-Uda array antenna consists of only electric 

elements (wire). More attractive antenna characteristics are obtained from 

the combination of the electric (wire) and magn.etic (slot) elements. Although 

the coupling can make antenna characteristics more attractive， it often 

causes system degradation problems. Array antenna elements are often 

located closely each other because of the space limitation. Radiation patterns 

of an array antenna are supposed to be the sum of the radiation patterns of 

each element located alone in free space. Actually it is not true because the 

coupling disturbs the original characteristics. The boundary conditions at 

the surface of the antenna are satisfied with the sum of electromagnetic 

fields radiated from each antenna element. Thus attentions should be paid to 

couplings between the elements when you design array antennas. Another 

example of the problem occurs in the base station of the mobile 

communication system. With the development of the wireless 

communications many antennas are needed for different purposes and it is 

often required to have antennas close together in a limited area. 1n this case， 

radiated power from an antenna is received by the other antennas around it 

and often makes system degradation problems such as cross-talk. 

1n this paper， couplings between a slot antenna and a parasitic wire， and 
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couplings between two wire antennas are considered and discussed through 

some examples. Slot antennas and wire antennas are the most basic antenna 

elements. Wire antennas have the radii relatively small compared with the 

wavelength. Well-known dipole， loop and helical antennas are the examples 

of the wire antenna. These wire antennas have simple shapes and are useful. 

Thus the application of wire antennas can be seen in many areas. The dipole 

antenna is the most famous wire antenna. It has the length of a half 

wavelength of the operating frequency. The length of the monopole antenna， 

which is usually used on the conducting plate， is adjusted to a quarter 

wavelength. A monopole antenna on an infinite conducting plate can be 

analyzed as a dipole antenna in free space by using image theoηT. Slot 

antennas are made on a conducting plate by cutting an opening whose 

widths are narrow in terms of the operating wavelength. Slot antennas made 

on the surface of a conducting body are called“flush mount antenna" and 

they are used on a rocket and an airplane. For these applications， to reduce 

the air resistance is the most important problem. Slot antennas do not jut 

out from the surface of the airplane body and can avoid the air resistance. 

Slot antennas are excited by a coaxial eable or a waveguide and 

electromagnetic energy is radiated through the opening. When a slot 

antenna is made on a ground plane， electromagnetic fields are radiated into 

both sides of the ground plane. U sually we do not need the backward 

radiation， so it is often used with the cavity baeked to radiate into one side. 

Many studies have been done with the comlbinations of the slot antenna 

and the wire antenna. When the monopole antenna is set vertically on the 

ground plane， the radiation pattern in the vertical plane does not have the 

directivity in the monopole direction. In 1975， Long reported that a combined 
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antenna with a monopole antenna and two slot antennas can provide an 

omnidirectional radiation pattern in the vertical plane[l]. To obtain such a 

characteristic， two slot antennas should be located in parallel， half 

wavelength apart and be excited in a phase. In this combination the 

monopole antenna， which is excited in a 90
0 

shifted phase from the slots， is 

set in the mid point of the two centers ()f the slot. Clavin studied a 

combination of a slot antenna and two non-fed monopole elements and 

obtained antenna structure with equal E-and H-plane patterns[2]. In his 

report， parasitic monopoles are set besides the slot vertically. Strong 

coupling can be obtained in this configuration. He also studied the improved 

antenna with inverted L elements instead of the monopoles. The analytical 

paper of the coupling in these combinations proposed by Clavin has been 

published[3][4]. The combinations of a slot and a dipole antenna have been 

also developed for a different purpose. Adachi and Ito proposed a slot 

antenna with a parasitic dipole antenna to obtain circular polarization[5]. A 

dipole antenna is set over a slot antenna to be in parallel to the ground plane 

and detailed parameters， such as the dipole length， the distance from the slot 

and the rotation angle are provided in their paper. The studies on the 

combination of slot antennas and wire antennas are mainly concerned in 

radiation patterns such as pattern shaping. Interesting results shown above 

can be obtained by the combination of the slot and the wire. 

The applications of electromagnetic waves make our lives convenient. On 

the other hand， a lot of devices radiate eleetromagnetic waves and they 

produce new problems with the increase of their applications. Because the 

radiated electromagnetic field from a device is not needed for the other 

devices of the different system， the electromagnetic environment around us 
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is getting worse and worse with the development of wireless communications. 

Thus the importance of the electromagnetic compatibility (EMC) is 

increasing nowadays. The problems of the electromagnetic disturbance 

began with the utility of radio waves for communications. The influence of 

the electromagnetic disturbance is increasing as the fo11owing reasons. The 

device driving voltage becomes lower to save energy and the devices are set 

close together with the reduction of the device size. The counter measure for 

electromagnetic interference (EMI) is required and should be done for each 

problem individua11y. Also these EMI problems can be considered as a 

coupling between antennas and electromagnetic fields in space. 

There are two ways to approach the coupling between antenna elements. 

One is to enhance the effect of the coupling to obtain the characteristics that 

the system requires and the other is to reduce eoupling between the elements 

to avoid interference. Although the first aim to improve antenna 

characteristics by using coupling effectively is studied in many papers and it 

is applied in many antennas as mentioned before. These studies do not show 

a11 the possible characteristics of the combination of the slot antenna and the 

wire antenna. Their purposes are mainly to shape radiation patterns or to 

obtain good circular polarization. The antennas required to achieve the 

effective system are supposed to be obtained with the combinations of the 

slot antenna and the wire antenna. The other aim to reduce coupling 

between antennas is a new application of the slot. An ordinary way to reduce 

coupling is to set a conducting pla~e or a loaded wire between the antennas. 

These ways complicate antenna structure. If the slot can reduce the coupling 

between two antennas， nothing jets out from the ground plane except the 

antennas. In this research these two ways to a.pproach the coupling between 
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the slot antenna and the wire antenna are investigated and developed 

through concrete examples. 

1.2 Composition of the dissertation 

The purpose of this dissertation is to investigate the effect of the coupling 

between elements with two different problems. They are 

1. The influence of the coupling is used effectively to make the antenna 

characteristics new and better. 

2. Reduction of coupling is needed to avoid system degradation problems. 

This dissertation consists of five parts. The introduction to these studies 

is stated in Chapter 1. In Chapter 2， some important theories are explained 

to change the actual problem into the calculation model. At the same time 

the boundary conditions at the surface of the slot and the wire are shown. 

Moment method (MM) and geometrical theory of diffraction (GTD) are 

presented in the same chapter. MM  is a well-known numerical method for 

calculating electromagnetic field problems associated with obstacles of the 

small dimension with respect to the wavelength. In certain applications the 

combination of MM  with asymptotic techniques such as GTD can yield 

solutions which neither method alone can solve problems effectively. 

Antennas for dual band operation are inve:stigated in Chapter 3 as an 

example of the effective utilization of the coupling. A dual-band antenna is 

needed for the dual-mode cellular phone system. Since the operating 

frequencies of the system may be different， the phone and the antenna 

should be operated well at both frequency bands. Three types of antennas 

with the combination of a slot antenna and a parasitic wire are proposed. 

Detailed sizes of these antennas are shown in Section 3.2. Also the reduction 
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of the coupling between antennas is a very important technique to avoid 

electromagnetic disturbance， and in Chapter 4， a new method to reduce the 

coupling between two wire antennas using a slot is developed and a coupling 

coefficient is introduced to evaluate the coupling between two antennas. The 

hybrid method of MM  and GTD is used to take diffracted fields by the edge 

into account to calculate coupling coefficients. Numerical and measured 

coupling coefficients are shown. By applying 'GTD， the effect of the ground 

plane can be included in calculating coupling coefficients and the optimum 

size of the ground plane that is needed to reduce the coupling is obtained. 

One of the most important characteristics calculated by GTD is a radiation 

pattern. Radiation characteristics with a finite ground plane are also 

simulated and shown with the measured data. The last chapter is for 

conclusions， where the results obtained through these studies are 

summarized. 
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CHAPTER2 

Mutual coupling between elements and 

dif仕actiloneffect by the edge 

2.1 Background 

Once we can obtain current distribution on antennas， the important 

characteristics of antenna such as radiation patterns and input impedance 

can be obtained. Thus it is very important to obtain current distribution 

accurately both in the experiment and calculation. We can obtain exact 

solutions only when the problems have a quite simple form as a dipole 

antenna. The studies of current distribution on the wire antenna have been 

done by Pocklington and Hallen. In 1938， Hallen derived the integral 

equation of the dipole antenna and obtained current distribution 

analytically[6]. These studies at that time were done under the limitation 

that the wire antenna should be straight. It is the special case that the 

problems that we want to analyze have such simple forms. To analyze real 

problems， we use numerical methods such as the moment method (MM) and 

the finite difference time domain (FD-TD) method. From 1960's the 

development of computers is remarkable. The speed of calculation has 

become faster and the memory size of the computer has become larger. Th us 

more arbitrary shapes of the antenna， such as loop and spiral antennas， 

could be analyzed. Mei and Harrington are the pioneers in analyzing these 

antennas， which have more generalized shapes. Mei achieved to derive the 

integral equation for a spiral antenna in 1965[7] and in 1967 Harrington 

proposed moment method in electromagnetics[8] [9]. The achievement of 

arbitrary shaped antenna analyses prompted other researcher to study more 
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complex antenna structures. Many studies have been published since then. 

Now， with the development of electronic devices we can use higher 

frequencies. In such a high frequency range， the size of the scatterer becomes 

large in terms of the operating wavelength. Then we will have the other 

problems with these methods. For example， the size of the matrix becomes 

large and the larger size of memories is needed to compute. 

Before 1873， Maxwell showed that the propagation of light could be 

viewed as an electromagnetic phenomenon. The relationship between ray 

optics and wave propagation is apparent from the work of Huygens in 1690 

and Fresnel in 1818， but was not formally shown until the work of Luneberg 

in 1944 and Kline in 1951[10]. The method， geometrical optics is well known 

for high frequency analysis. This method has the advantage to understand 

phenomenon intuitively as the principle of the light path and not to be 

limited with the shape of the scatterer to analyze. The laws of geometrical 

optics are derived from the canonical problern of the plane wave reflection 

and refraction at an infinite planar dielectric interface. Geometrical optics is 

based upon an assumption that the wavelength is zero. 80 the wave 

characteristics such as diffraction can not be treated with this method. A 

diffracted ray is a ray that follows a path that cannot be explained as either 

reflection or refraction. In 1962， Keller added the components of diffraction 

to geometrical optics to improve the accuracy. The geometrical theory of 

diffraction (GTD)， concerned by Keller in the 1950s and developed 

continuously since then， is established as a l，eading analytical technique in 

the prediction of high frequency diffraction phenomena[11][12][13]. Basically， 

GTD is an extension of geometrical optics lby the inclusion of additional 

diffracted rays to describe the diffracted field. The concept of diffracted rays 
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was developed by Keller from the asymptotic evaluation of the known exact 

solution to scattering from simple shapes， referred to as the canonical 

problems for GTD. In the papers， diffraction coefficients derived from the 

canonical problem are multiplied with the incident ray at the point of 

diffraction to produce the initial value of the field on the diffracted rays. 

These coefficients are non-uniform in the sense that they are invalid in 

certain regions such as the so-called transition regions. Since early work 

appropriate integral functions for the transition regions have been developed 

to give uniform solutions for quite general problems in edge and convex 

surface diffraction. Rigorous mathematical foundations and the basic 

simplicity of the ray tracing techniques which permits GTD to treat quite 

complicated structures， are the main attractions of the method. The hybrid 

method of MM  and GTD[14] is very useful to analyze antennas and 

structures around them. 

2.2 Boundary conditions 

If there are some regions that have different permittivity and 

permiability， the boundary conditions for electromagnetic waves at an 

interface between two regions are needed. To analyze problems for a slot and 

a wire antenna， we divide a space into two regions separated by an infinite 

ground plane and a slot as shown in fig.2.1a. The region above the ground 

plane is named region 1 and the other side of the ground plane is region 2. A 

wire antenna is located in region 1 and a slot antenna is made on the ground 

plane. In region 1， it is assumed that electromagnetic fields radiated from 

the slot antenna as EsIIOI' H ~~ωand E~ire' H ~ire are the radiated fields from the 

wire antenna. U nder the ground plane， E 2 ， H 2 are the electromagnetic 
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日eldsradiated from the slot. Thus the total electromagnetic fields in region 1 

are expressed as follows. 

EJorul=互l伽 +E1

万;υtal
互JloI+万l

(2.1) 

(2.2) 

The boundary conditions at the boundary of the slot and the ground plane 

are expressed as 

万xHんl=J8

20ωIX万=0
(on the ground plane) 

万x(万;。ω_H
2)=λlot

E1Joral×万 =E2 
X万

(on the slot) 

(2.3) 

(2.4) 

where万 isthe unit vector pointing out region 2 normal to the surface of the 

boundary. 1巾 t is the electric current flowing across the slot aperture. 

By applying the equivalence principle to these boundaries， the ground 

plane can be removed and we can assume that the electric and the magnetic 

currents 1 _ =万xHL...，and 厄 =E~_ . _ I X 万 flo~，v on the slot surface and the Total ..... s - .L..JTotal 

electric current J g =万×EJoralflows on the FOund plane surface to satisfy 

the electromagnetic field boundary conditions. These currents are the 

equivalent surface sources and the same fields can be obtained in region 1. In 

region 2， the electromagnetic fields do not exist. Then the whole boundary 

between region 1 and 2 can be covered with the electric conductor. Finally 

the problem can be separated into two regions. Region 1 has a wire antenna， 

two surface electric currents (1 g and 1 J and a magnetic current sheet (M s) 

on the ground plane. Also region 2 has a magnetic current sheet -M s under 

the ground plane as shown in fig.2.1b. To remove the ground plane the image 

theory is used to region 1. As the images of the surface electric 
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currents flow in the opposite directions of J g and J c' the electromagnetic 

fields in region 1 due to these electric currents are cancelled. The same 五eld

as E;oW' and H ;oWI can be obtained with the magnetic current 2M s' the 

electric current 1 flowing on the wire antenna and its image -1 in free 

space without the ground plane as shown in fig.2.1c[15]. The electromagnetic 

fields in region 2 are the same as the fields with the magnetic current -2M s 

in free space. The magnetic current sheet with the width w can be replaced 

by the magnetic current cylinder with the equivalent radius w/4 when w is 

relatively small compared with the operating ~;vavelength[16]. 

e cp 

e 
n 

fig. 2.2 Wire antenna coordinate. 

Consider a thin wire antenna made 

of a perfect conductor in free space as 

shown in fig. 2.2. The electric current 

on the surface can be assumed that it 

flows on the l -axis and the electric 

currents at both ends of the wire are 

considered to be zero. With these 

assumptions， the boundary conditions 

tangentia.l (ψ) and normal (n ) 

directions at the end surface are not 

needed. ()nly the boundary condition in 

the l direction is required. 

When the wire antenna is fed at the 

gap of the feed point， the electric field 

in the gap can be expressed as Ej. The 

electric current 1 flows along the l-

axis and the electric field E(l) due to 
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1 exists outside the feed gap. As the electric field can not penetrate into the 

conductor， tangential component of K(l) becomes zero at the surface ofぬ

W1re a泊sK(l例I乃)x万=斗O.A此tthe feed point， the electric fields outside and inside 

the boundary surface should be continuous. 80 the following relationships 

can be obtained. 

Eix三=K(l)x en = E[九+Erpl = E[erp (2.5) 

As the radius of the wire is small， the electric field component in ψdirection 

ιcan be assumed to be zero. With the assulnption that the feed point gap 

d is very small compared with the operating wavelength， the electric field 

ー -v":-
Ei equals toプlby using the feed voltage Vo' To generate the electric 

日eldwithin the feed gap， impressed electric field Eimpl is needed and Eimp is 

V" expressed as Eimn =ーと.From these relationships， the electric field boundary Imp d 

condition on the wire antenna is obtained as 

K(l)x en + Eimpe，ψ=0 (2.6) 

where the impressed electric field strength Eimp is zero except at the feed 

point[17]. 

For the slot antenna， the magnetic field in region 1 and region 2 are 

expressed as ffJU凶 and H 2， respectively. The equivalence principle is 

applied to the slot aperture and the boundary condition on the slot antenna 

in region 1 can be expressed as 

万×(EJoral-F)=ん (2.7). 

10 is the electric current flowing across the slot aperture and is zero except at 

the feed point or at the loaded point. 

By using the Dirac's delta function 8， the boundary conditions on the 
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wire antenna and the slot antenna are expressed as 

E7JυtulX万=一九Vo8(L)

万×(EJOIUl-E2)=九Io8(p-PO) 

(wire antenna) (2.8) 

(slot antenna) (2.9) 

where万 and九arethe unit vectors normal and tangential (perpendicular 

to l or p) to the surface of the wire antenna and the slot antenna， 

respectively. l and p are the coordinates along the wire antenna and the 

slot antenna. It is assumed that the feed point of the wire antenna is located 

at l = 0 and Po is the feed point or the loaded point in the slot. VO and 10 

are the feed voltage on the wire and the electric current at the feed point or 

at the loaded point in the slot， respectively. 

By using vector potentials and H ~~/Ol = -H 2 [18]， the boundary conditions 

(2.8)-(2.9) are expressed as 
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where ω= 2Jif and f is the operating frequency. A and F are the 

magnetic and the electric vector potential due to the electric and the 

magnetic current， respectively. The vector potentials A and F are written 

as 
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F(戸)=王立r2厄(p')~ | 
4π ん 1，-F1 (2.13) 

where F' and p' are the position vectors frorn the origin to a certain point 

on the wire antenna and the slot antenna， respectively. 
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2.3 Moment method 

The moment method (MM) is a method to solve integral equations， which 

are written in the functional equation changed into matrix form. The 

unknown electric current 1 distribution on the antenna is expressed with 

the series of a set of known functions as 

IニヱInJn(γ) (2.14) 

where In is the unknown coefficient and 1
11 

is the n th subsectional 

Z 

. . . . . . . 
. . . 

占‘. . . . . . 
〉r/

l
 

n
 

，，，ル

'''ιv 

O 
テ y

X P: Observation point 

fig. 2.3 Wire element coordinate. 
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expansion function defined at the position r' on the antenna. When the 

electric current 1n (r') is flowing in free space， the electric and the magnetic 

五eldsdue to the current can be shown as belo，，v by using the magnetic vector 

potential AII (r). 

J En (r) = -joJAn (戸)+• 1 V作λ(r))
jωε。μ

J Hn (r) =土Vxλ(r)
μ。

r 1n (戸')e-ρ1'-'1 
λ(r)=丘旦(

4π ル Ir-r1 

(2.15) 

(2.16) 

(2.17) 

where r and r' are the observation and the source point vectors， 

respectively. s is the wave number. Consider an arbitrary bent wire dipole， 

which consists of straight wires as shown in fig.2.3. The lengths of the 

element d.lm and t1lm_1 are t1lm = lm+1 -lm and t1lm一1= lm -lm_l' respectively. 

The wire is located along l-axis and the wire radius a is much smaller 

compared with the operating wavelength λas a<<λ. And it is thin enough 

to consider that the current on the surface of the wire has only the l 

component. In this case， the electric current on the surface of the wire can be 

assumed to flow on the l -axis. With this assumption， the surface integral 

can be simplified to the line integral alon~~ the l -axis and the current 

distribution is assumed to be a sinusoidal distribution as 

1m (r') = 

sin{s(t1lmー
1+ l(γ)-lJ} 

(/;-1 ~ l壬l，.)
sin(st1lm_

l
) 

sin{s(t1l
m 
-l(r')+ "，)} 

(1'+1三l三1;)
sin(st1lm) 

o elsewhere 

(2.18). 

The electric field due to half of this electric current ] m from 1;-1 to l; can be 
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written with the magnetic vector potential which has only llllーIcomponent as 

a2A 
Ef-l(F)=-jωA"，_I + 11己

"，-， jωε。μ。ar- (2.19) 

a2A 
J-l(F)=-J己

jωε。μo adal 
(2.20) 

where d is the distance from the center of the wire to the observation point 

P. From fig.2.3 dm_
1 
= ri sin8i

lll

-

l. The symbol // indicates the component 

parallel to the vector lm_1 and ~ indicates the components in the d
mーl

direction. The l component of the vector potential A
IIl

_
1 
is expressed as the 

integral of the electric current J m as 

A
IIl

_

1 

=丘旦(ltjn(Y)e-jsIF-F|dl' 

4πht i|F-F1 
(2.21). 

With this vector potential， the electric field in (2.19) can be rewritten as 
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(2.22). 

Finally the electric field components parallel and tangential to the vector 

l m-I are expressed as 

E".=_i30./~m I cos(sd.l m-I) n-jßぺ e仇~l-----. 
m-I sin (sd.l m-I ) L ハ L ん~I

(2.23) 

-30.I lf1-jpr.cosom-l|  
=lt+jcosoft-l cot(PAlm-l)k '-j fkl|(2.24)-risin8im-ILL- J----， ---¥f---m-Ilr Jsin(sd.lm_I)" 

The magnetic field due to the electric current is expressed in the 

cylindrical coordinates with the vector potential as 
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Ef-l=土vX Am-，/m-' 
μ。

-fm 
一
)4πγt sinoft-l sin(PAlm-l) 

レーjsr，-Iー〆r， toS(sL¥lm_I)-) COS8/"-' sin(sL¥lm_， )}] 

(2.25). 

The total electromagnetic 五elds 1 Em (p)， J H m (P) at the observation point 

P due to the electric current J
m 
(r') flowing on the two segments of the wire 

are expressed as 

JEム(P)=ん一lEf-l+Jm-lE;-ldmEf+JmEJ

1 H m (P) = O;'-I万と1+伝;万;'

(2.26) 

(2.27) 

where d
m

_， is the unit tangential vector to the plane which includes points 

1mー l' 1m and P. Also dm represents the unit tangential vector to the plane 

consisting of three points 1m， Im+1 and P. The vectors百一1 andゅm are 

defined as follows. 

百一1=lm_l>くdm_，

ゅJ=lm×dm 

(2.28) 

(2.29) 

The total electromagnetic field radiated frOlll the electric current on the 

antenna can be expressed as 

J E(P)=ヱJEm (P) (2.30) 
m 

J万(P)=ヱJH 
m 
(P) (2.31) 

m 

When the magnetic current distributes in free space the electromagnetic 

fields due to the magnetic current can be written by using the electric vector 

potential lZ-， (r) as 

万
m-I(r) = -)ω瓦，_1(r)+ . 

1 v(v凡_1(r)) 
j ωε。μ。
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えー1(戸)=士Vx丸一1(戸) (2.33) 

where 

丸一1(戸)=三1151(Y)e-jsI ;;-;;1dp' 
4π ル llF-F1r (2.34). 

The magnetic current is defined as M =ヱKm M m by using same sinusoidal 

expansion functions as (2.18). Then the total electromagnetic fields due to 

the magnetic current are written as follows. 

M E(P)=ヱMEm(P)=ヱ(ι-lMEL+長;;MEf) (2.35) 
庁1 m 

M H(P)=ヱMHm(P)=ヱ(丸一lMEf-l+Z--lAft-l+FmMEf+JJEJ) (2.36) 
m m 

where p is the coordinate along the magnetic current. 

The electromagnetic fields radiated from the electric and the magnetic 

currents are the sum of these electromagnetic fields as 
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(2.37) 

(2.38). 

The elements，MEf-i，ME;，MHf-l，MHf，MHJ-l，MHJ， jEf-lFJE;，jEえ1， 

J E~ ， J H!'_1 and J H!' are shown as follows[19]. 

K 
M E~" = 

)4π'i sin 8i

m
-
1 
sin(sllp m-l ) (2.39) 

レ仇I _ e-
jsr

， ~osゅんー1)-) COS 8
i

m-1 sin (sllp m-I )] 

M E1P=Km  le-jprr ， l -e -瓜 ~os(ßllPm)- )cos8;''' sin(sllPm)}] (2.40) 
i sin 8i

m sin (sllp m 
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M J-lII ー j30Km I cos(sl1p m-I) -js円 e仇 'l
H ~-I = z~ s~n (ß~~ m-I ) l ¥1 r;' m-I/  e -lpr， -τ-1 I (2.41) 
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-30K I r ，1 rn<:.Rm-1 

=m  llti+jcosr-lm(PAPmJL-欣 -jm1le-jkl|
z;nSidint-i じ

l r 
Simn川(sPm昨一J | 

(2.43) 

-30 K I r ，1 rn<:. R m 

H上 = m 
lt-jmofω(sl1p m)トーjP4+j

m tJ，+l e-仇， I zgr
i 
sin8;m L 

L- J -~~ ~ i -'-"\~'-"~mJl"' ' J 
sin(sPm)

C- (2.44) 

J cll j301
m I cos(sl1lm_1) 一欣 e仇 'lん

s岬札l)l rt 
e 一

τ-1I 
(2.45) 

J cll _ j301m I cos(sl1lm)哨 e仇 'lt- l e -一一-1 (2.46) ~m 

sin(sl1lm)L r
i ~ I 

-301 I r 、 Rm-I

~.JU~:_1 I {1 + jcosθm-Iω(sl1l m-l )}-欣一
jmot-l

l m-lnSidim-l LL F 
sin(palmJ| 

(2.47) 

-301 I r 、 ハm
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J 

sin(ßI11m)~ 
(2.48) 
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(2.49) 

JHゆ Im レ仇l _ e 此 ~os(ßð.l l11 ) -jω8/" sin(sl1lm)] (2.50) 
i sin8i

l11 sin(sd.lm) 

where 8i:~1 is the angle between two vectors 'm-I and ~_I ' and 8;m-' is the 

angle between lm_l and ~ as shown in fig.2.3. 20 is the characteristic 

impedance of free space. The total electric a.nd magnetic fields shown in 

(2.37) and (2.38) should satisちTthe boundary conditions on the surface of the 

electric and the magnetic conductors and they can be expressed as 
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Ex九=一九V。δ(/0)

三×万=ecpl08(po)

(2.51) 

(2.52) 

where en and ecp are the normal and tangential unit vectors to the surface of 

the electric and magnetic conductors as shown in fig.2.2. 

The residual R is defined to be the sum of the tangential components at 

the surface. 

Rw (1) = E， + V08(/0) 

Rs (p)= H p - 1刈Po)

(on the wire surface) (2.53) 

(on the slot surface) (2.54) 

In the method of weighted residuals the ん'sare found such that the 

residual is forced to zero in an average sense. Then the weight functions， 

which are already known are multiplied to R and integrated as 

，d
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 m

 

W
 

9
1
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1
山

(2.55) 

Here Galer・kin'smethod[20] is used， with which the same functions as in 

(2.18) are used as the weight function W
m ・Finally(2.53) is rewritten as 

L'm仇 (L)E，dl'+ L川市(/o)dl'= 0 (2.56). 

This is a simultaneous equation about unknown coefficients In and (2.56) 

can be expressed in matrix form as 

Zmn1n + Cmn Vn = V， (2.57). 

Similarly from the residual (2.54) on the surface of the magnetic current the 

following relationship is obtained. 

C mn 1 n + Ymn Vn = 1 m (2.58) 

The boundary conditions at each point of the slot and wire antennas are 

finally expressed in ma trix form as 

[二 21C]=[;] (2.59) 

where Y
S

' 
Zw' C sw and Cws are the self-admittance of the slot， self-

23 



impedance of the wire and mutual couplings between the slot and wire， 

respectively. Once the elements of the matrix can be obtained， we can obtain 

the electric and magnetic currents immediately. The matrix elements are 

shown below[19]. 

に = rp， (M H~ ，+旬II+MH上 ，+MH上ksin{s(dPnー 1+ p(r')-Pi)ldη 

川 kmkFIJPt-11m-l m m-l mrn sin(PAPrI-i ) w y  

fP'+1 (M U l/ ~ M U' 上 Mu.L Iv sin{s(dPn -p(r')+ pJ} 
+一一j (Hm-l+H/+MH l+H K-- dp; (2.60) 
kmkFIh，¥ r-n sin (sdp n 

Z~H =_1_ (i (1 E~ ， +1E~+1E: ，+1E上)}-sin{s(企ln--l+ l(r')-1; )}dl 
mn 1 mI nλ ¥ -m-1 -m -m-l' -m r n sin(sdl

n
_

1

) …n 

+ 一一一_1(，ιい，川川+叶中l
n h久『 ¥m-寸 m -m一→ -mrハ s幻ln川(sμdl

l1

) 山…ν1n 
(2.61) 

Cmn=J-lit (JHLl+jH;)K si中 (dln_1+ l(r')=-1; )} dl' 
nムー¥--m-I' ... -m r -n sin (sdl n-l ) 

+ 一L|[r:f?千01'+1んしい，川川令叶中l

n 』ムt n S幻ln川(sdlんn)
(2.62) 

Cmn =-C (2.63) 
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2.3 Geometrical theory of di倍 action

When the characteristics of the wire antennas on or near a conducting 

body are analyzed by the moment method. A wire grid model[21] or a surface 

patch model[22] is used to represent the conducting surface. The problem is 

significantly limited by the size of the computer memory when these 

methods are applied to such a problem. Thus the moment method is applied 

to the problems when the conducting bodies are not very large in terms of the 

operating wavelength. When the frequency is sufficiently high where the 

wave characteristics need not be considered， geometrical optics (GO) is a 

very useful and easily understood method[23]. GO was developed by simply 

considering the transport of the energy from one point to another without 

any reference to whether the transport mechanism is particle or wave in 

nature. Also physical optics (PO) is used to calculate the scattered fields[24]. 

The concept of PO can be considered more general than GO since the 

equations obtained from the boundary conditions at the illuminated surface 

of the conductor for the scattered field often reduce the high frequency limit 

for the equations of GO. Both theories are often applied to the calculation of 

the back scattered field from a scatterer， but the field in the forward 

scattering direction can not be obtained， in particular the shadow region. 

The current obtained by PO alone is incapable of correctly predicting a non-

zero field in the shadow region because PO postulates a current only on the 

illuminated side and no current on the shadowed side. Although these two 

methods are very useful， they are inadequate to describe the behavior of the 

electromagnetic fields perfectly in many situations and it is necessary to 

include another field called a diffracted field. When the diffracted field is 

added to the GO field many practical radiation and scattering problems are 
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permitted to solve in a straightforward manner. The diffracted field makes a 

non-zero field in the shadow region and rnodifies the GO field in the 

illuminated region. Since diffraction is a local phenomenon at high 

frequencies， only the local conditions near the diffraction point are important. 

The diffracted ray amplitude can be determined from the appropriate 

boundary value problem. Such a problem is called a canonical problem and 

diffraction by the wedge is the most important canonical problem. Wedge 

diffraction in the extension of GO is proposed by Keller in 1953 and his 

theory is known as the geometrical theory of diffraction (GTD)[11][12][13]. 

The postula tes of G TD are 

1. The diffracted field propagates along the ray path including points on the 

boundary surface. These ray paths obey Fermat's principle. 

2. Diffraction is a local phenomenon at high frequencies. It depends on the 

nature of the boundary surface and the incident field in the neighborhood 

of the diffraction point. 

3. A diffracted wave propagates along its ray path so that power is conserved 

in a ray tube and that phase delay equals the wave number times the 

distance along the ray path from the diffraction point to the observation 

point. 

As shown in fig.2.4 the obliquely incident and the obliquely diffracted 

rays at the diffraction point Q are described conveniently with the spherical 

coordinate system centered at Q. Let the position of the source of the 

incident ray be defined in such spherical coordinate system as (s'， y'，o')， and 

the observation point (s， y，o). The diffraction point Q is a unique point on 
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the wedge for a given source and an observation point because of Fermat's 

principle. Vectors 5' and 5 are the unit vectors in the direction of incidence 

and diffraction. Vectors y~ and ゆI are the unit vectors parallel and 

perpendicular to the plane of incidence. Also unit vectors ア。 andゆare

parallel and perpendicular to the plane of diffraction， respectively， as shown 

in fig.2.4. Y~ and Yo are angles less than π/2. measured from the edge to 

the incident and diffracted rays， respectively. 1J sually the angles γ~ and Yo 

are the same.ゆI andゆareangles measured from one face of the wedge to 

the plane of the incidence and diffraction， respectively. Let's write a symbolic 

expression for the diffracted electric field in the form of the ma trix as 

lEd J= [D JlEiド(ゆ-jss (2.64) 

where lE"d J and [E i] are the column matrixes consisting of the scalar 

components of the diffracted and incident electric fields， respectively. [D] is 

the square matrix of the appropriate scalar diffraction coefficients， and s is 

the distance from Q to the observation point. A(s) is the spreading factor 

Since the incident field is not allowed to have a component in the incident 

direction， there is no component of the diffracted field in the diffracted 

direction. Thus it is assumed that the component in the s' direction does not 

exist. The incident field is expressed as 

ベ:(] (2.65). 

Also only two components of the diffracted field E/~ and E~ are possible as 

E
d 

= [~n (2.66). 

lncident electric fields in (2.65) can be expressed by using electric fields E" 
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and E上 shownin (2.19) and (2.20) as 

E;， = E勺 y' +E上九 f 

E~ =E"['Ø'+E上E伊 ø'

(2.67) 

(2.68) 

where l and 九arethe tangential unit vectors shown in fig.2.2. Clearly [D] 

is a two by two matrix. Thus the relationship (2.64) is expressed as follows. 
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The diffraction coefficients D" and Dょ areexpressed as follows[25]. 

円 (L ゆが)=2ふ:n y~x[イ1叫(sLa+(o -o')] 

+ co{ 7r -~n-Ø') rfsLa-(o-ゅ)]

ベco{π+γ)rfsLa+(o + o')] 

ィγ!rfsLa-(o + O')]} J (2.70) 

where (2-けris the interior angle of the ，;vedge. If sμ ±り±グ)in the 

function F is represented by X， F is expressed as 

F(X)=叫σlejX frx-( -j" dτ (2.71). 

This is a Fresnel integral [26] appeared in the diffraction coefficient. F(X) 

can be regarded as a correction factor to be used in the transition regions of 

the shadow and reflection boundaries. The argument of the transition 

function， w hich is X = sμ土砂±グ)， may be calculated for a known value of 

sL when a土 as a function of (o:t〆)is kno¥l，rn. The function a士仲±グ)is 

expressed as 
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ど川 (2.72). 

in which N:t are the integrals which satisfy rnost nearly the four conditions 

as 

27rnN+一(ゆ±グ)=πand27rnN一一助±が)=一π (2.73). 

The distance parameter L depends on the type of the incident wave and the 

incident angle yo' as well as the distances s and s'. And it is given as 

L=!. ssm-yQ.. (for spherical wave incidence) 
s+s 

(2.74). 

The spatial attenuation factor A(s) is defined as follows. 

A(s) = I (~ . ¥ I ~ (for spherical wave incidence) (2.75). い(s'+ s) 1 
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CHAPTER3 

3.1 Background 

A slot antenna ~nth a parasitic wire 

for ciual band operation 

Two frequency bands are provided for wirelless communication in Japan. 

An idea of a dual mode cellular phone system can be applied to the effective 

use of the frequency band. Although the increase of the users of the portab1e 

telephone is remarkable， frequency band for wire1ess communication is 

limited. A 10t of endeavors have been made to use the limited frequency band 

effectively. For example， in the cellu1ar phone system the same frequency is 

reused in the different cells that are separate from each other. Late1y， to dea1 

with the increase of the users， the idea of a dua.l mode cellular phone capab1e 

of operating in two different cellu1ar systems has been introduced. And it is 

a1so important to save the cost of making two different frequency antenna 

systems. Thus the dual frequency antennas for base stations can save the 

cost. Figure 3.1 shows two types of dua1 frequency antenna that have been 

already studied. A parasitic dipole e1ement is 10cated c10sely to a driven 

dipo1e antenna as shown in fig. 3.1a. A cylindlrical dipole used as a driven 

e1ement is a very wide frequency band antenna. We can obtain a re1ative 

bandwidth 0{Svv.R豆1.5)of about 20%. When the distance between these 

dipo1es is designed to be within 0.1 operating 'wave1ength， another resonant 

frequency can be obtained proportionally to the 1ength of the parasitic 

dipo1e[27]. The current distribution on the driven dipo1e is influenced by the 

parasitic e1ement strong1y at the second resonant frequency. It is supposed 

that in free space two sinusoida1 current distributions are induced on the 
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driven e1ement when its 1ength is about one wave1ength. 80 the amplitude of 

the current at the feed point near1y equa1s to zero. When the parasitic 

e1ement is close to the driven e1ement， the current distribution is changed to 

the one that has a sinusoida1 current distribution and the maximum current 

10cates near the feed point[28]. Another dua1 f:requency antenna is shown in 

antenna a. antenna b. 

fig. 3.1 Dua1 frequency antennas. 

fig. 3.1b. This antenna consists of two driven dlipo1es and they are connected 

in series to the feed line. Not only the distance between two dipo1e antennas 

but a1so two resonant frequencies can be chosen free1y with this antenna[29]. 

These dua1 band antennas are considered their applications for the base 

stations. On the other hand， the antennas for a. portable phone are studied in 

many papers. For example， the characteristics of the whip antenna on a 
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portable phone have been analyzed using the v~re grid model [30]. From the 

design point of view the antenna size must become comparable to the body of 

the portable phone if the body becomes excessively small. 80 a top-loaded 

whip antenna with a small cylinder is proposed to shorten antenna 

length[31]. These antennas and antennas on the portable phone body are 

designed and analyzed at one frequency band， not dual frequency bands. The 

combinations of two antenna elements， usually a whip monopole and a 

planner inverted F antennas， are not used for the dual band operation but 

for the space diversity. A dual frequency antenna is effective. Because if two 

frequency bands are used in the same porta.ble phone system， users can 

choose one frequency band， not crowded， from two provided frequency bands. 

This leads to the effective utilization of frequency. This idea requires two 

antennas that have different resonant frequencies and a dual band antenna 

is useful in this case. In the idea of a dual-mode cellular phone， two 

frequency bands are fairly far apart from each other and the antenna should 

be operated well at both frequency bands. Usually two antennas， each of 

which has a feed point， are used when two different frequency bands are 

used. On the other hand， when two antennas are located closely each other， 

antenna characteristics， such as input impedance and radiation pa坑ern，are 

different from the free space characteristics. AJlthough two antennas must be 

used fairly apart to avoid these system distraction problems， the size of the 

portable phone is getting smaller and smaller with the development of small 

electronic devices. A dual band antenna is useful to save space for the 

installation of an antenna in a limited area. l¥ dual band antenna that the 

signals are transmitted or received by two difIerent antennas was reported 

with the experimental data[32]. This antenna consists of two planar inverted 
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F antennas that have different resonant frequencies about 10% apart from 

each other and each antenna has a feed point. This antenna is not designed 

for dual band operation. Also a dual band antenna combining a helical 

antenna and a monopole antenna has been reported[33]. This antenna has 

two frequency bands， which are fairly apart from each other. 

In this chapter， three types of dual frequency antenna with the 

combination of a slot antenna and a parasitic wire element are 

proposed[34] [35]. These antennas are designed for the dual band operation 

by using the coupling between a slot antenna and a parasitic wire. These 

antenna elements have strong coupling in the configurations proposed in 

this chapter and the coupling effects can make these antennas resonate at 

two frequency bands. It is well known that an antenna with the combination 

of a slot antenna and parasitic wires can be used for pattern shaping[1]-[5]. 

In literature [5]， an antenna with the combination of a slot antenna with two 

parasitic wires is proposed and the strong coupling between the slot antenna 

and two wires is obtained in their configuration. Induced electric currents on 

the wire reradiate electromagnetic fields. Then the total field above the 

ground plane is the sum of the direct field radiated from the slot and the 

reradiated fields from the wires. If coupling is used effectively， it can give 

new and better characteristics which a single element can not have. A well-

known TV receiving antenna， a Yagi-Uda array antenna is the case where 

the coupling is used effectively. A Yagi-Uda array antenna consists of three 

parts functionally. They are directors， ref1ectors and a driven element and 

this antenna effectively uses adjusted couplings between these elements. A 

Yagi -U da array antenna consists of only wires instead of slots. More 

attractive antenna characteristics are obtained from the combination of 
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wires and slots. 

Some design procedures of a dual frequency antenna are shown. The 

length of the parasitic wire determines the lower resonant frequency and the 

slot length determines the higher resonant frequency. The bandwidth at a 

low frequency band depends on the height of the wire and the parasitic wire 

has the optimum height to maXlmlze the ba.ndwidth. Radiation patterns 

depend on the electric and magnetic current distributions. At a lower 

frequency band， the parasitic wire becomes resonant and the radiation 

pattern is due to the shape of the wire element. On the other hand， a slot 

antenna resonates at a higher frequency band， so the radiation pattern at 

higher frequency depends on the slot configuration. 

3.2 Antenna structures 

Three types of antenna combining a slot antenna and a parasitic wire are 

shown in fig.3.2. A slot antenna is made on an infinite ground plane and the 

region under the ground plane is assumed an infinite half space. In the 

region over the ground plane， a parasitic wire element is set beside or over 

the slot and one or two ends of the parasitic wire are connected to the ground 

plane. The slot length is adjusted to about a half wavelength at a higher 

frequency. For dual band operation， the total length of the parasitic wire is 

adjusted to a quarter wavelength for antenna a. and one wavelength for 

antenna b. and c. at a lower frequency， respectively. In this paper the slot 

length is fixed to 100mm for antenna a. and lb.， and 115mm for antenna c. 

The slot is fed by a coaxial cable and the feed point is located near point A to 

adjust the input impedance. The parasitic vare has parallel and vertical 
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antenna a. ¥¥Ground plane 

Z X 

Parasitic wire 

G
 

antenna b. 

Parasitic wire 
Z 

¥¥Slot antenna 

antenna c. 

fig. 3.2 Antenna structures. 

segments to the ground plane. The vertical wire is necessary to get a strong 

coupling between a slot and a wire. Electrornagnetic coupling can induce 

electric current on the wire without a feed point on it， so only one feed point 

is needed in the slot. The slot antenna is made on the surface and it has a low 

profile. In these configurations， the low profile characteristic still remains 

36 



although the parasitic wire is set over or beside the slot. The height of the 

parasitic wire is about 1/30 wavelength. It is assumed that the wire diameter 

is 1.2 mm and the slot width is 1 mm. A straight slot is lying along the x-axis 

and the center of the slot is at the origin. 

For antenna a. the parasitic wire is set beside the slot as shown in fig.3.2a. 

The segment CD of the parasitic wire is perpendicular to the ground plane. 

The wire is bent at a point D and the segment D E is parallel to the x -axis. 

Antenna b. is illustrated in fig.3.2b. The parasitic wire is set over the slot 

and two ends (points C and H) of the parasitic wire are located opposite side 

of the slot each other. The segment DG is parallel to the ground plane. For 

antenna c. the slot is bent at two points B and C to reduce the size of the 

antenna as shown in fig.3.2c. Accordingly the parasitic wire is a1so bent at 

points G and J. 

3.3 Numerical results 

It is important to understand the antenna characteristics when the 

antenna configuration and positions are changed. Here it is assumed an 

infinite ground plane. Although a slot antenna is excited by a coaxia1 cab1e， a 

waveguide and so on， the electric field distribution in the slot is litt1e 

changed with the feeding method. Generally the e1ectric fie1d (magnetic 

current) in the slot distributes sinuso1dally a10ng the 10nger side and follows 

the Maxwell's distribution in the narrow side. For the Maxwell's distribution 

the amplitude of the electric fie1d is the minimum in the center and increases 

as it gets c10se to the edge of the slot. It is assumed that the slot width is 

much smaller compared with the operating fJrequency and it is about 0.01 

wavelength. Then the magnetic current distribution in the narrow direction 
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fig. 3.3 A slot antenna with a straight monopole. 

can be considered as constant. Since the slot width is very narrow， a thin 

magnetic current wire is assumed just above the slot and the slot aperture is 

covered with the conductor by using the equivalence principle. Then image 

theory is used to remove the ground plane. Finally， the problem is changed to 

the magnetic and the electric current in free space. If the half wavelength 

slot antenna is fed at the center， the input impedance of the slot is large 

(about 600 n) and does not match the feed line. Thus usually an offset feed is 

applied to excite a slot. The slot antennas for antenna a. and b. are fed at a 

point in the slot， x=・33mmand for antenna c.， the feed point is located at a 

point (x， y)=(18.5mm， 32mm). The combination of a straight slot antenna and 

a straight parasitic wire is the simplest combination， which is supposed to 

provide the basic characteristics. The length and width of the slot shown in 

fig.3.3 are 100mm and 2mm， respectively. The height and radius of a 

parasitic wire are 80mm and 0.6mm. The length of the wire is about a 
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quarter wavelength of the desired second resonant frequency. Because the 

magnetic current distribution does not change 'when the slot is excited by the 

offset feed， the electric field strength in the slot is supposed to be maximum 

at the center. Thus the coupling between the slot and the parasitic wire can 

be strong around the center of the slot. 80 the parasitic wire is set on the y-

axis vertically. V8WR characteristics for the various base positions of the 

parasitic wire are shown in fig.3.4. This figure shows that the coupling 

between the slot and the parasitic wire is getting weaker as the distance 

from the center of the slot increases. Because "v8WR is getting larger as the 

parasitic element apart from the x-axis at 860MHz， it is supposed that the 

influence of the parasitic wire becomes weaker. In the actual model， the 

distance between the center of the slot antenna and the parasitic wire can be 

as close as 1.6mm (the slot width and the wire radius are 2mm and O.6mm， 

respectively). When the distance is 1.6mm， the strongest coupling is obtained 

in fig.3.4， but the minimum V8WR is about 9.6. As the difference of the 

V8WRs between the base positions of 1.6mrn and 5mm is within 1， the 

distance between the slot and the base is fixed to 5mm. Then the base of the 

parasitic wire is moved with the distance 5mm and parallel to the slot 

(parallel to the x-axis). The minimum V8WR (6.8) is obtained when the base 

position is located near the feed point at (-25m.m，・5mm)as shown in fig.3.5. 

In this paper a resonance frequency is defined as the frequency at the local 

minimum V8WR. By the effect of the coupling between the slot and the wire， 

the parasitic wire becomes resonant at 870MHz. U sually the slot does not 

resonate at that frequencぁ butthe mlnlmum V8WR is obtained due to 

coupling at 870MHz. These results suggest that the second resonant 

frequency can be obtained by the induced electric current on the parasitic 
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wire and the current makes the slot resonate at the second frequency. The 

input impedance of the antenna does not match the feed line when the 

minimum VSWR is 6.8. To use this antenna at two frequency bands， it is 

required to obtain bandwidths for VSWR豆2at the both of the two bands. 
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To bend a wire antenna is a very popular Vo，ray to reduce the height of an 

antenna. This method is applied to the straight parasitic element as antenna 

a. shown in fig. 3.2a where the wire is bent at a point D to make segment DE 

parallel to both of the ground plane and the slot. In this configuration the 

parallel element D E does not have the coupling and only the vertical element 

CD has the coupling between the slot. This inverted L element CDE is used 

instead of the straight wire and is moved para.llel to the slot as the straight 

wire case. The VSWR characteristics for the various base positions of the 

inverted L wire are shown in fig.3.6. The base of the wire is moved on the line 

parallel to the slot， y=・5mmand the wire is bent to the opposite side of the 

feed point (+x direction). The height of the inverted L element CD is 10mm 

and the totallength CDE is 80mm. Figure 3.6 shows that the antenna with 

the combination of a straight slot antenna and the inverted L wire has two 

frequency bands at 920MHz and 1620MHz. At the lower frequency， 920MHz， 

the minimum VSWR 1.5 is obtained. The bandwidth at the low and the high 

frequency band are about 10MHz and 150MHz， respectively. The VSWR 

characteristics with respect to more detailed base positions are shown in fig. 

3.7. The frequency at the minimum VSWR is shifted to a higher frequency as 

the base position is moved from the center to the feed point and the widest 

bandwidth is obtained at x=-8mm. Then the totallength of the parasitic wire 

is fixed to 80mm and the height of the wire is changed. The calculated VSWR 

characteristics are shown in fig.3.8. This figure shows that the optimum 

height exists and a higher nor lower height of the parasitic wire reduces the 

bandwidth (VSWR豆2).CD=13mm is the optimum height to obtain the 

maximum bandwidth， which is about 12MHz. Fi忠lre3.9 shows the VSWR 

characteristics with the optimized parameters obtained from these simulations. 
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The parameters are as follows. The base of the parasitic wire is located at (-

8mm，・5mm)and the wire is bent to the +x direction. The height and the 

total length of the wire are 13mm and 80mrn， respectively. The magnetic 

current distribution in the slot and the electric current distributions on the 

wire at 914MHz are shown in fig. 3.10. Much less electric current f10ws on 

the straight wire compared with the inverted L wire. The phase of the 

induced electric field along the straight wire 'was different at each point of 

the wire and the induced electric field cannot produce electric currents 

effectively. From these electric and magnetic current distributions， the 

electric field in the slot should be used effectively when a slot and a parasitic 

wire are used for dual band operation. 
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Antenna b.， shown in fig.3.2b has two resonant frequencies. The length of 

the parasitic wire is chosen to be about a wavelength of the frequency at 

which the slot resonates and is 190mm in this case. The parasitic wire is set 

symmetrically with respect to the x-axis. The height of the parasitic wire is 

10mm. The lengths parallel to the x-axis (DE and FG) and y-axis (E町 are

70mm and 30mm， respectively. As shown in fig.3.11， this antenna has two 

frequency bands at 1500MHz and 1800MHz. In the antenna configuration， 

the segments CD， EF and GH have strong coupling between the slot， and the 

electric current is induced at 1600MHz. Both the slot and the parasitic wire 

have the resonant length at 1600MHz， but the wire segment EF disturbs the 

electric field distribution in the slot and the radiation from the slot. 80 the 

slot does not resonate at 1600MHz， but it resonates at a different frequency 

band where the parasitic wire does not resonate. Figure 3.12 shows the 

V8WR characteristics of antenna b for the various base positions of the 

parasitic wire. The position of the wire is moved parallel to the x-axis toward 

the feed point. At each position， the antenna does not resonate at the 

frequency where the parasitic wire resonates and two bands are separated 

by the resonance of the parasitic wire. Band，~idths (V8WR孟2)at a lower 

and a higher frequency band are about 95MHz and 110MHz， respectively 

when the base is located at xニ 50mm.When the base position C is located at 

x=・25mmantenna b. does not resonate at two frequency bands. To explicate 

this behavior， the V8WR characteristics with respect to more detailed base 

positions are shown in fig. 3.13. This figure shows the V8WR characteristics 

change rapidly near the position xニ 25mm.This is because that the segment 

EF is just over the end of the slot B when the base position C is located at 

x=・20mm.The reason the characteristics change rapidly is explicated as 
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follows. It has been shown before that the effect of the inverted L wire is 

strongest when the base is at x=・20mm.Thus: when the segment EF is not 

over the slot (x>・20mm)the effect of the vertical segments (CD and G H) is 

strong and the slot does not resonate at 1600J¥llHz. On the other hand， when 

the segment EF is located over the slot (xく・20mm)EF disturbs the slot 

resonance. 
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fig. 3.13 VSWR characteristics of antenna b. 

for the detai.led base positions. 

Antennas used for mobile communication are required to be small. For 

antenna c. shown in fig.3.2c， the slot is bent at two points B and C， and the 

parasitic wire is also bent at points J and G near the ends to reduce the size 

of the antenna. The calculated and measured ，rsWR's are shown in fig. 3.14. 

They agree quite well. The antenna has two resonant frequencies at 825MHz 

and 1430MHz. At the lower resonance the calculated and measured 

bandwidth are 7MHz and 10MHz， respectively. The minimum VSWR at the 

high frequency band is about 3.5. When the antenna parameters are 

optimized， the bandwidth at the high frequency band becomes about 50MHz 

as shown in fig. 3.14. The totallength and the height ofthe parasitic wire are 

adjusted to 188mm and 7mm， respectively. The bandwidth at the low 

frequency band is still narrow， but it may be increased by using a thicker 

parasltlc Wlre. 
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The radiation pattern is an important characteristic of an antenna. These 

three types of antenna introduced here show similar radiation 

characteristics. The resonant element mainly radiates electromagnetic fields. 

80 the radiation patterns at a low and a high frequency band are mainly 

determined by the shapes of the parasitic wire and the slot， respectively， for 

antenna a. and c. For antenna b.， the radiation patterns at both frequency 

bands depends on the shape of the slot. Thus the radiation patterns for 

antenna c. are shown in白g.3.15.This figure shows the calculated radiation 

patterns of antenna c. at 825MHz and 1430MHz where the mlnlmum 

VSWRs are obtained in fig.3.15. 1n the x-z plane Ee becomes 

omnidirectional due to the radiation from LK" JI， EF and GH. In the y-z 

plane Eθat 825MHz has a null in the e = 00 direction. The reason is that 

the large electric currents flow from G to F and from J to K (their directions 

are opposite.)， and their contribution to Ee in the e = 00 direction is 

canceled. At 1430MHz the radiation from the slot is dominant. Thus in the 

x-z plane Eゅisdue to the radiation from the slot segment BC. In the y事 Z

plane Eθis the radiation from the slot segment BC and becomes 

omnidirectional. 

Table 2.1 shows the gains (referred to an isotropic source) in each plane. 

The gains without a parasitic wire are also shown. A straight slot antenna 

without a parasitic wire and a bent slot antenna without a parasitic wire are 

resonant only at 1600MHz and 1345MHz， respectively. The gains of 

antennas a. and c. are close to the ones without a parasitic element at a 

higher frequency. This is because that the electric current that flows on the 

parasitic wire is little and it does not affect the radiation patterns at that 

frequency. At a lower frequency， it is supposed that the gains in each plane 
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depend upon the configuration of the parasitic wire for antenna a. and c. 

The slot antenna becomes resonant at a frequency where the parasitic wire 

does not resonate for antenna b.， thus the gains are close to the ones without 
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fig. 3.14 VSWR characteristics ()f antenna c. 
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Antenna a. 

Resonant frequency 914lYIHz 1615MHz 

plane x-z y-z x-y x-z y-z x-y 

Eθ(dB) 2.76 4.36 4.4 -10.79 2.02 2.0 

Eゅ(dB) -6.25 0.39 . 2.08 -10.79 . 

Antenna b. 

Resonant frequency 1490MHz 1810MHz 

plane x-z y-z x-y x-z y-z x-y 

Ee (dB) . 3.34 0.23 . 4.75 4.75 

Eゅ(dB) 3.34 -23.53 . -1.54 -31.9 . 

Antenna c. 

Resonant frequency 860lYIHz 1310MHz 

Plane x-z y-z x-y x-z y-z x-y 

Eθ(dB) 2.96 3.88 3.9 1.84 -2.92 1.87 

E申(dB) 1.55 -11.11 . -13.77 -0.16 

Straight slot antenna (without a parasitic wire) 

Resonant frequency 1600MHz 

Plane x-z y-z x-y 

Ee (dB) . 2.05 2.1 

Eo (dB) 2.1 . -

Bent slot antenna (without a parasitic wire) 

Resonant frequency 1345MHz 

Plane x-z y-z x-y 

Ee (dB) 1.08 -3.12 1.12 

Eφ(dB) -19.19 1.08 . 

table 2.1 Antenna gain. 
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3.4 Conclusions 

A dual band antenna is useful to save space for the installation of 

antenna in a limited area. In this chapter， three types of dual band antenna 

are proposed as examples to effective utilization of the space. Although 

proposed antennas can operate at two frequenc:y bands， they have only one 

feed point in the slot. These antennas have simple shapes and it is made 

easily in the experiment. First example， an antenna with the combination of 

a straight slot antenna and a parasitic inverted L wire is introduced to show 

the reason why these kinds of antennas resonate at two frequency bands. To 

explain the reason why this antenna has two frequency bands， the electric 

current distribution on the parasitic wire and the magnetic current 

distribution in the slot are shown. The electric current on the wire is induced 

by the coupling and the induced electric current makes the slot resonant at a 

low frequency band. The magnetic current should distribute in the slot to 

make the input impedance match the feed line， so the position and shape of 

the wire are important. Some design procedures of these types of dual 

frequency antennas with the combination of a slot antenna and a parasitic 

wire were obtained. They are (l).The length of the parasitic wire should be 

about a quarter or a half wavelength at a desi:red lower frequency and the 

slot antenna should be designed to be about a half wavelength at a higher 

frequency， respectively. (2). One end or two ends of the parasitic wire must be 

connected to the conducting plate and they should be located near the feed 

point on the slot. And a parasitic wire has the optimum height to increase 

the bandwidth at a lower frequency. The calculated VSWR's of the antenna c 

agree well with the measured data. We found that the slot radiation was 

strong at a higher frequency and the radiation from the parasitic wire was 

dominant at a lower frequency for antenna a. and c. 
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CHAPTER4 

Reduction of coupling between. two wire antennas 

using a slot 

4.1 Background 

In Chapter 3， an application of enhanced coupling is shown through three 

kinds of dual frequency antennas with the combination of a slot antenna and 

a parasitic wire. It is not true that the coupling always produces attractive 

characteristics， because the coupling disturbs the free space characteristics 

and makes antenna behavior more complicatedl. Thus coupling often causes 

system problems. The reduction of coupling is one of the important 

techniques and it is often required to avoid degradation of antenna 

characteristics. An example of the problem occurs in the base station for 

mobile communication. In the recent growth of radio communications， it is 

often required to have antennas operating at different frequencies close 

together because of the space limitations. This condition may make the 

antenna characteristics degrade. In this case radiated power from an 

antenna is received by the other antennas around it and makes system 

degradation problems such as cross-talk. The reduction of the coupling 

between two wire antennas operating at different frequencies has already 

been studied with respect to the load impedanc:e of a receiving antenna[36]. 

Reducing the coupling by adjusting the load on the antenna is generally not 

practical， because the load impedance is usually fixed at the characteristic 

impedance of the transmission line connected to the antenna. In this paper， 

we etched an impedance-loaded slot into the ground plane between the two 

wire antennas to reduce the coupling between them and show the possibility 
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of the reduction of the coupling through three examples. Induced magnetic 

currents on the slot reradiate electromagnetic fields when the slot is 

illuminated by the incident electromagnetic fields. It is supposed that the 

reduction of the coupling can be obtained if reradiated fields from the slot 

can deny the direct fields from the transmitting antenna at the surface of the 

receiving antenna. Another thought may be pos:sible. We can assume that in 

this configuration the slot acts as a space bandl-pass filter around a desired 

frequency where electromagnetic fields are transmitted under the ground 

plane through the slot. Thus the received power of the receiving antenna is 

reduced. 

Two types of antenna over an infinite ground plane are considered. One 

type consists of two monopoles and a slot， and the other consists of two half-

loops and a slot. One antenna is transmitting and the other is considered as 

a loaded receiving antenna or a scatterer. Here the moment method (MM) is 

used to analyze this problem. From the generalized matrix equations， the 

port relationships between the two wire antenna inputs and one load port of 

the slot are derived. Then the coupling coefficient is introduced to evaluate 

the coupling between the two wire antennas and is expressed by using the 

port parameters. With these port parameters， the electric current on the 

wires and the magnetic current on the slot are c:alculated by inverting a large 

matrix only once for various loads and a large a;mount of computation time is 

saved. The load impedance of the receiving antenna is fixed， and the location， 

length and load impedance of the slot are chosen appropriately to reduce the 

coupling coefficient. To resonate the slot (i.e. to increase the power 

transmitted through the slot)， a capacitance is loaded in the center of the slot 

and the significant reduction of the coupling coefficient is obtained at 1.0GHz. 
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Then a simple load with two capacitors and an inductor is used to resonate 

the slot at both frequencies 1.0GHz and 1.5G1Hz， and the reduction of the 

coupling coefficients at the two frequencies is obtained. The problem is 

analyzed with an ideal model that has an infinite ground plane. 

In the actual problem， the size of the ground plane is finite and the effect 

of the edges must be taken into account to calculate the coupling. To include 

the diffracted fields by the edges of the ground plane， the geometrical theory 

of diffraction (GTD) is applied to the problem. ~ÆM is used for the structures 

that are relatively small compared with the wavelength and GTD is applied 

to the problems when the conducting bodies: are large in terms of the 

wavelength. With the hybrid method of MM  and GTD it is possible to analyze 

more complex problems. By applying GTD to the problem， the effect of the 

ground plane can be included in the calculation of the coupling and the 

optimum size of the ground plane that is needed to reduce the coupling can 

be obtained. One of the most important characteristics calculated by GTD is 

a radiation pattern. A radiation pattern with a finite ground plane is 

different from the one with an infinite ground plane and radiation 

characteristics with a finite ground plane are also calculated. 

4.2 Formulation[37] [38] 

The antenna structure on an infinite ground plane is shown in figs.4.1 

and 4.2. A slot is placed between two wire antennas #1 and #2， designed to 

transmit signals at frequencies， /1 and /2' respectively. At frequency /1' 

antenna #1 and #2 can be considered as a transmitting antenna and a loaded 

scatterer (a receiving antenna)， respectively. Alternatively we consider the 

case where antenna #2 transmits 叫ん andantenna #1 is a loaded scatterer. 
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As the boundary conditions shown in Chapter 2， at the operating frequency 

fl' it is assumed that electromagnetic fields E;e;:'，万戸I above the ground 

plane are radiated from transmitting antenna #1. Electromagnetic fields 

E~eg ， ，H ~eg l are reradiated from the current induced on the receiving antenna 

#2. E;eg'， H ;egl are the scattered fields by the slot. Under the ground plane， 

Ereg2， H reg2 are the electromagnetic fields passed through the slot. The total 

electric field E;:!~ and magnetic field H.引 abovethe ground plane (region 

1) are expressed as follows. 

EJZJ=EJrgl+EJrgl+REEl 

EZCl=Hfgl+EjEEl+万戸l

(4.1) 

(4.2) 

By applying the equivalence principle to the slot aperture， region 1 has two 

wire antennas (monopoles or half-loops) and a magnetic current sheet M on 

the ground plane. Region 2 has a magnetic current sheet -M under the 

ground plane. The same fields as [f;(:~all' H ;~;all can be obtained with the 

magnetic current 2M and electric currents 1#1， 1#'2 flowing on the wire 

antennas (dipoles or loops) in free space without the ground plane. The 

electromagnetic fields in region 2 are the same as the ones with the magnetic 

current -2 M in free space. Finally the boundary conditions at the surface of 

the wire antennas and the slot are expressed with the vector equations as 

{-jω1 (11#1 +叫ん。吋 (11#1+川

{-jω1(11#1 +A円)+. 1 川叩2)) 

jωiμ。ε。
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ー土VxFト×万=-eq>ZL1 L8(L) (rec:eiving antenna) (4.4) 
ε。 l

万廿×但叩

(4.5) 

where ω 1 = 2rcJ" A押1and A #2 are the magnetie vector potentials due to the 

electric currents on antenna #1 and #2. F is the electric vector potential due 

to the magnetic current. The vector potentials A #1， A #2 and F at an 

observation point r can be written as 

P l (F ) = h i l I 枠削1(令戸γ，γ)~一つjバ仲k

4πLν'1 ，. I Ir -r1 (4.6) 

互目 (F)=hl z I 円 (r')~ -仲;:1
4πKIF-F1 

(4.7) 
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内')=之I;lM)，戸2(l')=2m(f)，H(〆)=之VmMm(〆) (4.9) 
m=1 m=1 m=1 

where 入(l')and M m (〆)are the m th subsectional expansion functions at 

the position L' and p'. 1;1，1;2 and Vm are the unknown coefficients. N
" 
N 2 

and N 3 are the total number of the subsectional expansion functions defined 

on antennas #1， #2 and the slot， respectively. By using the moment method 

the boundary conditions (4.3)-(4.5) at each point of the wire antennas and the 

slot are expressed in the matrix form as 
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#1 

WS 

伴2

C5iL 
Z #lHl 

ww 

Z #Ml 
桃川v

C ~，~， Ir v，. l r [，. l SW 11 '5 I I & S I 

Z ，~~~2 11 [，~，I 1 = 1 V，，~I 1 目. 目 ー

W明 11 & W 1 l' W 

zm21|YU||V#2| 
同ベゲ 11 & W I l' W 

(4.10) 

where [，.. V.押1 and V .. ~2 are the electric current across the slot and the S' • W • W 

voltages on antennas #1 and #2. Vs' [ ~I and 1 ~2 are the voltage on the slot 

and the electric currents on the wire antennas. C岬1 and C押 representthe 

mutual coupling between the slot and antenna #1 or #2， respectively. Yss' 

Z~I and Z~2 are the self admittance of the slot and self impedance of 

antennas #1 and #2. Z~2 

two wire antennas. Obviously， the element of the matrix C;~ equals -C払.

Also the relationships C;; = -C~~ and Z:;2 = -Z:';:I exist. 

The load impedance Z L is connected at l = 0 for the receiving antenna #2 

and the electric current iL flows at the port where the load ZL is connected. 

Thus the relationship between iL and the port voltage νL becomes 

νL =-ZLiL ( 4.11) 

If the admittance Y
S 
is loaded on the slot， the relationship between the 

voltage vs and the electric current is at the load port is 

is=一九% (4.12) 

where all the voltages and electric currents are expressed in RMS. 

By inverting the matrix in (4.10)， it can be rewritten as 
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(4.13). 

In this expression， all the elements of 1 s' V，;I and V;2 are 0 except the 

two load ports and the feed port. By deleting the inverted matrix elements 

corresponding to zeros of [1 s V :IV;2 r ， the following 3 x 3 port relationship is 
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obtained. 
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where iF is the electric current at the feed port. From (4.11)， (4.12) and 

(4.14) the electric current iL at the load port of the receiving antenna is 

expressed by using the known feed voltage νF as 

i.=~卜zω5幻ρ5汁+ うリトLF 一ら
， 〆 、 V
L i ¥ F  

(1 + Yι山 ss+丈1-仏 ZL

Then the received power of the receiving antenna becomes 

( 4.15) 

尺=Re(ZL ~iL12 (4.16) 

The total power ~ transmitted into reg~on 2 through the slot is 

calculated by integrating a Poynting vector in re~on 2. Then the coupling 

coefficient Rre is defined as the ratio of the received power Pr to the input 

power ~n and the transmission coefficient T i:s also defined as the ratio of 

the transmitted power ~ passing through the slot into re~on 2 to the input 

power[36]. 

R_ =~_ Re(ZL~iLI 2 
r-Rn-Re(νFi; ) 

(4.17) 

P 
T=ーム

P 
(4.18) 

By eliminating Vs and iL from (4.11)， (4.12) and (4.14)， the unknowns is 

and νL are expressed in terms of V F as 
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27Yι 

where is and VL are the non-zero elements ()f the column matrix on the 

right hand term in (4.13). Therefore ifνF' Z L and YL are known， the 

unknown matrix ヤ伝わ[VsI¥λI人ιdl;C川;?i

(似N爪1+N2 +N))x(似帆N爪1+ N 2 + N)) matrix in (μ4.1臼3め)i凶sinverted only once to 

calculate the unknown coefficients in (4.9) for various load Z L and Ys' This 

is computationally much more efficient compared with the conventional 

method which inverts the large matrix for each ZL and Ys・

4.3 Antenna structures 

Three antenna arrangements are considered. One of them is a 

combination of two monopole antennas transmitting signals at different 

frequencies and the others are the combinations of two half-loop antennas 

which are designed to operate at different frequencies. As shown in fig.4.1， 

two monopole antennas are separated by a distance 2L. Antennas #1 and #2 

are designed to operate at frequencies 1.5GHz and l.OGHz， respectively. Two 

types A and B are considered. The antenna #1 is transmitting at 1.5G Hz and 

the antenna #2 is a loaded scatterer (type A). Simultaneously antenna #2 is 

transmitting at l.OGHz and antenna #1 is a loaded scatterer (type B). A slot 

whose width and length are w and 21)， is made between antennas #1 and 

#2 as shown in fig.l.αis the angle measured from the x -axis to the slot axis 

p. 21) is about a half wavelength at 1.5GHz. The load is connected to the 

center of the slot. After the calculations with an infinite ground plane， types 

A and B on a finite square ground plane are also analyzed. With the finite 
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square ground plane， the origin of the coordina'te is set on the center of the 

ground plane and edges are set parallel to the x-or y-axis. Two half-loop 

antennas #1 and #2 transmits signals at frequencies 1.5GHz and l.OGHz， 

respectively. Two types of antenna arrangement are considered as shown in 

fig.4.2 (a) and fig.4.2 (b).乃pesof antenna #1 and #2 are shown in table4.1. 

The centers of the loop are on the x-axis in each antenna arrangement and it 

is assumed that the distance between two centers is 2L. Antennas #1 and #2 

are set parallel to the slot as shown in fig.4.2 (a) (types C and D). The port1 

of antenna #1 and the port2 of antenna #2 are located side by side. In fig.4.2 

(b) (types E and F)， antenna #1 is parallel and antenna #2 is perpendicular to 

the y-axis. The port 2 of antenna #2 locates far side from the slot. 

Z 

fig. 4.1 Two monopoles and a slot (types A and B). 
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Z 

(a) Two half-loop antennas (types C and D). 

Z 

(a) Two half-loop antennas (types E and F). 

fig. 4.2 Two half-loop antennas a.nd a slot. 
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Qper!!t~~g frequency Transmitting antenna Receiving antenna 

可rpeA 1.5GHz #1 #2 

TypeB 1.0GHz #2 #1 

Type C 1.5GHz #1 #2 

TypeD 1.0GHz #2 #1 

'fype E 1.5GHz #1 #2 

可rpeF 1.0GHz #2 #1 

table 4.1 Types of antenna arrangernent and frequency. 

4.4 Numerical results on an jnfinjte ground plane 

In the ca1cu1ation， it is assumed that ZL =:100.0， which is 10aded at the 

center of the dipo1e antenna and is twice the characteristic impedance of the 

transmission line connected to the monopo1e antenna. The slot width is 1mm 

and the wire radius is 0.9mm. 

(a) Two monopole antennas (fig.4.1) 

The antenna 1engths are 211 =0.10m and 212 =0.15m. The distance 2L 

between the two wires is O.lm. The numbers of the expansion functions N
1
， 

N2 and N3 are 10， 14 and 10， respectively. 

The ang1e αmeasured from the x -axis and the slot axis p is changed 

and coupling coefficients are ca1cu1ated. The slot length l3 is fixed to 0.097m. 

The resu1ts are shown in fig.4.3. This figure shows that the coupling 

coefficient between the two monopo1es for type.A is minimum when αis 90 

degrees. When type A is used， the coup1ing coefficient decreases with the 

increase of α， but the coupling coefficient of type B does not decrease as type 

A does. This is because the slot is not resonant at 1.0GHz and the 

e1ectromagnetic fie1ds passing through the slot into region 2 are sma11. Thus 

it is necessary to resonate the slot to reduce the coupling between antennas 

#1 and #2. Frequency characteristics of the transmission coefficients for 
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various slot lengths are shown in fig.4.4 where antenna #1 is fed and 

antenna #2 is a loaded scatterer. This figure shows that the transmission 

coefficient is maximum when the slot length is about a half wavelength of 

the operating frequency. Thus if the slot length is adjusted to a half 

wavelength of the operating frequency， the transmission coefficient is 

increased and the coupling coefficient is reduced. To reduce coupling of types 

A and B， it is needed that the angle αand the length of the slot 2l) are 90 

degrees and about a half wavelength of the operating frequency， respectively. 

α(Degrees) 

。
Cコ o o 

O てr Cぱコ2 Cto コ O Cαココ O 03 マーー・ N σコ 「、、

-5 

213 =O.097m 

富一10
、て』コJ 

.+C EJ -15 

ε 。@ 0 0-20 

凶c a 

3コ -25 
¥¥¥一

-30 

TypeA 圃園田園 TypeB

fig. 4.3 Coupling coefficients with respect to slot angles. 
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-50 
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fig. 4.4 Transmission coefficients. 

As shown in fig.4.5， the coupling coefficient ぱ typeA is reduced to under 

-28dB with a slot at 1.5GHz where the slot length and angle are 0.097m and 

90 degrees. The coupling coefficient is about ・18dBwithout the slot. By using 

the slot， the reduction of 10dB is obtained. On the other hand， for type B 

(operating frequency is 1.0GHz) the coupling coefficient is nearly the same as 

the one without the slot because the slot is not resonant at 1.0G Hz. To make 

the slot resonant， a load YS = jωC is applied to the slot. When a capacitance 

C of 0.58pF is loaded at the center of the slot， the coupling coefficient is 

reduced from -18dB to・28dBat 1.0GHz. Obviously the slot does not resonate 

at 1.5GHz when the capacitor is loaded at the slot. To resonate the slot at two 

frequency bands， a load with YS = jωC and YS =: 0 must be loaded at 1.0GHz 

and 1.5GHz， respectively. Then a simple circuit that consists of two 

capacitors and an inductor as shown in fig.4.6 is used and it is assumed that 
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the input impedance of this circuit is Zc. Once the optimized capacitance 

C (in this case 0.58p町 at1.0GHz is obtained， we can calculate a11 the 

elements C' and L with a choice of a suitable capacitance Co under the 

condition C> Co from 

付 -l{行) L=ら2ー l)iCごろ)
ω;しし

ω， 

p=一一
ωヲ

( 4.20) 

where ω1 = l.5・2π×109， ω2= l.0・2πxl09. Co =0.5pF， c' =2.9pF and 

L =3.88nH are the examples for types A and B. The coupling coefficients 

using this circuit (YS = l/Zc) with these values are shown in fig.4.7 which 

shows the reduction of the coupling coefficient a.t both frequency bands. 

(b) Two half-loop antennas (fig.4.2) 

Types of antenna #1 and antenna #2 are shown in table4.1 and the radii 

of loop antennas #1 and #2 are 0.032m and O.05m， respectively. 1n these 

antenna configurations， the numbers of expansion functions N1， N 2 and 

N) are 18， 20 and 10， respectively. The distances between the center of the 

loops and the origin are 0.05m for types C and I) and 0.055m for types E and 

F. The coupling coefficient of 5dB is reduced at1.5GHz with the unloaded slot 

where length 213 and angle αare 0.097m and 90 degrees， respectively for 

type C. For type D a reduction of 42dB is obtained with the loaded slot 

( C = 0.568pF) at 1.0G Hz. Fi思lre4.8 shows the coupling coefficient with 

respect to the capacitance loaded at the center of the slot. When the 

capacitance is 0.568pF， the mlnlmum coupling coefficient of ・65dBis 

obtained at 1.0GHz for type D. The coupling coefficients with the circuit in 

fig.4.6 are shown in fig.4.9 where Co =0.5pF， C' =3.341pF and L =3.369nH 

are chosen. Figure 4.10 shows frequency characteristics of the coupling 

coefficient. For type E the reduction of 35dB is obtained when the unloaded 
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slot length and angle αare adjusted to O.102rn and 45 degrees， respectively 

at 1.5GHz. For type F the reduction of 22dB is obtained with the loaded slot 

(C = O.50pF) at l.OGHz. The capacitor is replaced by the same circuit loaded 

in the two examples shown before where Co =O.45pF， C' =3.60pF and 

L =3.127nH are chosen. Then the coupling coefficients are reduced to under 

・57dBat 1.5GHz and ・47dB at l.OG Hz. 

O 

zc-ー c' L 

O 

fig. 4.6 A circuit to resonate the slot. 
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4.5 Numerical results on a finite ground plane 

All the results shown in the previous section are calculated with the 

assumption that the ground plane is infinite. In the actual problem， the size 

of the ground plane is finite and the effect of the edges must be taken into 

account to calculate the coupling. With a finite ground plane， the reduction of 

the coupling by the slot as shown in the previous section is not sure because 

of the diffracted fields by the edges. To include the diffracted fields by the 

edge GTD is applied to the problem. In this section， to make sure that the 

reduction of the coupling can be achieved with a finite ground plane， the 

hybrid method of MM  and GTD[Appendix A] is used to analyze the problem. 

The effect of the infinite ground plane can be expressed as the interactions 

between the antenna elements and the edges by using this method. GTD is a 

high frequency technique and is suitable for an analysis of a large scatterer 

in terms of the wavelength. The exact solution for diffraction by a corner of 

the perfect conducting plane is derived in the literature [39] by Satterwhite. 

When the diffracted field by a corner is considered in GTD， a diffraction 

coefficient that is numerically efficient in order to take the corner effect into 

account to be of any practical use in complicated modeling problems is 

needed. A corner diffraction coefficient is shown in [40]. By using this 

coefficient， the effect of the ground plane is shown with the monopole 

antenna on a finite ground plane[41]. In the literature [41]， it is shown that 

the effect of the diffracted field can be ignored when the distance between 

monopole antenna and a corner is within 0.1 wa.velength. Thus diffraction at 

the four corners of the ground plane can be ignored. To make a discussion 

simple it can be assumed that diffraction by the edges occurs once and two or 

more times of diffraction are negligible. The optimum size of the ground 
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p1ane is a1so shown and the measured coupling coefficients of types A and B 

are shown with ca1cu1ated data. 

As shown in fig.4.11 two monopoles and a slot are made on a finite square 

ground p1ane (the same as types A and B). The origin of the coordinate is 

10cated at the center of the ground plane and the four edges are paralle1 to 

the x-or y-axis. A side 1ength of the square ground plane is assumed as W. 

Coupling coefficients with respect to the ground p1ane size are shown in 

fig.4.12. Coupling coefficients are changing with respect to W. At 1.0G Hz 

the amp1itude is within 4dB and when W becomes 10nger than O.5m the 

difference of the coupling between an infinite and a finite ground plane is 

1ess than 1dB. Finally， the coupling coefficient with a finite ground p1ane 

converges to the one with an infinite ground pla.ne. Although the slot is made 

on the finite ground p1ane the effect of the slot does not appear， because the 

slot is not resonant at 1.0GHz. This is the same as the infinite ground plane 

case. At 1.5G Hz coupling coefficients without a slot are changing around the 

va1ue with an infinite ground plane and its tendency is nearly the same as 

the one at 1.0GHz. This figure shows that the optimum size of the ground 

p1ane exists that is needed to reduce the coupling. When the size of the 

ground p1ane with a slot is about 400mm square， the maxim um reduction of 

a coupling coefficient was obtained and it w'as about -31dB. When the 

400mm square ground plane is used， the reduction of 13dB can be expected. 

If the size of the ground plane is optimized， more reduction of the coupling 

coefficient can be obtained compared with the one on an infinite ground 

plane. Figure 4.13 shows the measured and calculated coupling coefficients 

on a finite 600mm>く600mmground plane as examples where the effect of the 

edges is taken into account. Measured and ea1cu1ated data are in good 
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agreement. As the slot does not resonate at 1.0G Hz， reductions are not 

obtained with a slot. Because the slot is resonant at 1.5G Hz， reductions of 

12dB and 11.5dB are obtained by the experiment and calculation， 

respecti vely. 

The radiation pattern is one of the most important antenna 

characteristics. Especially this method to reduce the coupling between wire 

antennas is considered for an application of wireless communication thus the 

radiation patterns of an antenna that is on a tinite ground plane should be 

investigated for the base station antenna. U sually antennas used for 

wireless communication have an omnidirectional radiation pattern in the 

horizontal plane. If a transmitting antenna does not radiate electromagnetic 

fields in the direction of a receiving antenna to reduce the coupling， it is not 

good for wireless communication. Figures 4.14 and 4.15 show radiation 

patterns for type B and A， respectively， with a finite 600mm X 600mm ground 

plane. Measured and calculated data are in good agreement. At 1.0GHz 

radiation patterns with and without a slot in the x-z plane are quite similar， 

because the slot does not resonate at that frequency. As the slot is lying along 

the y-axis， the slot does not affect radiation patterns at both of 1.0GHz and 

1.5GHz. In the x-z plane at 1.5GHz， the slot resonates and radiates 

electromagnetic fields into both sides of the ground plane and the electric 

field strength under the ground plane (from 90 to 270 degrees) is not reduced 

under -10dB. The difference of the field strength between the one with and 

without a slot in the horizontal direction (90 degTee and 270 degree) is within 

2dB. 
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4.6 Conclusions 

The reduction of the coupling between two wire antennas located closely 

is investigated numericall)ぇTwomonopole antennas with a slot and two 

half-loop antennas with a slot on an infinite ground plane are considered at 

first. The coupling and the transmission coefficients are introduced to 

evaluate the reduction of the coupling between the two wire antennas. It is 

found that the slot acts as a space band-pass filter around a frequency where 

the slot length is about a half wavelength， and the coupling coefficient 

decreases considerably. At the same time the transmission coefficient 

increases. To resonate the slot at two frequency bands a simple circuit is 

loaded in the center of the slot and the significant reduction of the coupling 

coefficient is obtained at both frequency bands. 

1n the actual problems， a large ground plane which can be assumed 

infinite can not be often made because of the space limitation. The hybrid 

method of MM  and GTD is used to calculate these problems. Although the 

effect of the diffracted fields is taken into account， the coupling coefficients 

are reduced with a slot. By applying this method， the optimized size of the 

ground plane can be obtained and the coupling coefficient of the experiment 

data with the finite 600mm X 600mm ground are also shown. The 

experimental and calculated data are in good agreement. An important 

antenna characteristic， a radiation pattern， is also calculated. Calculated 

radiation patterns of types A and B are shown ¥1Vith measured data and they 

are in good agreement. At l.OGHz the slot is not resonant and does not affect 

radiation patterns. At 1.5G Hz the slot radiates electromagnetic fields into 

both sides of the ground plane and the field strength under the ground plane 

is nearly uniform. 
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Chapter 5 

Conclusions 

In this dissertation， coupling， which is very important to an antenna 

design was discussed through the two examples. One is the enhancement 

and the other is the reduction of the coupling between antenna elements. 

Although the coupling can make antenna characteristics more interesting， it 

often causes system degradation. Antenna elements are often located close 

together because of the space limitation. When array antennas are designed， 

the coupling between elements disturbs free space characteristics of each 

element， such as radiation patterns and input impedance， and makes array 

antenna characteristics hard to predict. When antennas are closely located， 

radiated power from one antenna is received by the other antennas around it 

and the unwanted received power makes system problems such as cross-talk 

and interference. In order to improve antenna characteristics and to avoid 

system problems on the antennas， the coupling between antenna elements 

should be carefully considered. 

In Chapter 2， the equivalence principle was used and an analytical model 

was divided into two regions. Then image theory was applied to each region 

and they were changed into two free space analytical models. Then the 

boundary conditions at the surface of the electric and magnetic currents 

were considered. Also in the same chapter the moment method (MM) and the 

geometrical theory of diffraction (GTD) were explained. These techniques 

and the hybrid method of M M  and GTD were applied to electromagnetic 

scattering problems. 

The combination of the wire and the slot were used to consider couplings 
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between elements. N ew and better antenna characteristics were supposed to 

be obtained with the combinations of the wire and the slot， which have 

complementary characteristics each other. Three types of antenna with the 

combinations of a slot antenna and a parasitic wire were proposed for the 

examples of the coupling enhancement. Lately， to deal with the increase of 

the number of the portable phone， the idea of a dual-mode cellular phone 

capable of operating in two different cellular systems have been introduced. 

In this idea two frequency bands are fairly far apart from each other and 

antennas should operate at both frequency bands. Antennas proposed in 

Chapter 3 were designed for dual band operation. Although these antennas 

can operate at two frequency bands， they have only one feed point in the slot. 

A dual band antenna is also useful to save space for the installation of 

antenna in a limited area such as potable phones. The simplest combination 

may consist of a straight narrow slot antenna and a straight parasitic wire， 

which is set vertically to the ground plane. By using this antenna， the V8WR 

characteristics with respect to the distance between the center of the slot to 

the base of the wire were obtained. The bandwidth (V8WR孟2)could not be 

obtained with this combination at a low frequency band. Bending the wire 

element at a point is a technique often used to reduce antenna height. 80 the 

wire was bent at a point and the base position was changed. Then two 

bandwidths were obtained at 920MHz and 1600MHz. These results 

suggested us that the height and the base position of the parasitic wire are 

important. The segment parallel to the slot does not have the coupling from 

the slot. The phase of the induced electric field along the parasitic wire was 

different at each point along the wire and the electric current was cancelled. 

Thus the electric current on the straight wire did not flow compared with the 
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combination of the slot and bend wire. Anothe]~ combination with a straight 

slot antenna and a parasitic wire bent at four points were introduced. In this 

configuration a segment of the wire is located over the slot and this segment 

has the strong coupling between the slot. When the lengths of the slot and 

the wire were adjusted to resonate at the same frequency， the segment across 

the slot disturbs the radiation from the slot. Thus the slot could not resonate 

at the designed frequency， but it resonated at different frequency bands 

where the parasitic wire did not resonate. To reduce the antenna size the slot 

antenna and the parasitic wire were bent at two and six points， respectively. 

Although the antenna was reduced to smaller size， the dual frequency 

characteristic remained. 

Some design procedures of a dual frequency antenna with the 

combination of the slot antenna and the parasitic wire were obtained. 

1. The length of the parasitic wire should be designed to be about a 

quarter or one wavelength at a desired lower frequency and the slot 

length should be designed to be about a half wavelength at a higher 

frequency. 

2. One or two ends of the parasitic wire should be connected to the ground 

plane and they should be located near the feed point on the slot. 

3. To increase the bandwidth at a lower frequency the parasitic wire has 

the optimum height and it is about 1/30 wavelength at a lower resonant 

frequency. 

As seen on the examples shown in Chapter 3， attractive antenna 

characteristics such as dual band operation can be added to the antennas by 

using the coupling effectively. 

Although the coupling can make antenna characteristics new and better， 
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interactions due to the coupling between antenna elements often cause the 

system degradation problems. Thus the other approach to the coupling 

between antennas is the reduction of the coupling to avoid problems. When 

the reduction between antenna elements is needed， usually a conducting 

plate is inserted between the elements. Ordinary ways to reduce the coupling 

complicate antenna structures and cause the distortion of radiation patterns. 

In Chapter 4， a method to reduce the coupling between two wire antennas by 

using a slot was investigated. Three antenna arrangements were considered. 

They were a combination of the two monopole antennas and two 

combinations of two half-loop antennas. Each antenna combination consisted 

of two wire antennas operating at different frequencies and the antennas 

were located in the neighborhood within a half wavelength of a higher 

frequency. To evaluate the reduction of the coupling between two antennas， 

the coupling coefficient was introduced and it ¥'¥ras defined as the ratio of the 

received power of the receiving antenna to the input power at the feed port of 

the transmitting antenna. It was found that when the slot was illuminated 

by the radiated field from the transmitting a.ntenna， the reradiated field 

from the slot canceled the direct field at the surface of the receiving antenna. 

Thus it is importa.nt to resonate the slot at two frequencies. As the slot was 

designed to be resonant at 1.5GHz， it did not resonate at l.OGHz. A center 

loaded slot was introduced to make the slot resonate at both frequencies. To 

resonate the slot at l.OGHz and 1.5GHz a sirnple circuit consisting of two 

capacitors and an inductor was loaded at the center of the slot. The 

relationships between the circuit elements were a.lso shown to determine 

them. By using the circuit， the coupling coefficients were significantly 

reduced at both frequencies. 
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Actua1 prob1ems are different from these ca1cu1ation mode1s， because the 

calculation mode1s have an infinite ground p1ane. To make the ca1cu1ation 

mode1 more practica1， the effect of the diffracted field should be taken into 

account. Thus the hybrid method of MM  and GTD was applied to the 

prob1ems. The optimized size of the ground plane was obtained from the 

ca1culated results. Measured coupling coefficients of the combination of the 

two monopo1e antennas were shown with the ca.lculated data. Calcu1ated and 

measured data were in good agreement with each other. It was shown that 

the reduction of the coupling coefficients with a finite ground plane could be 

a1so obtained by the proposed method， which made a slot between two 

antennas. An important antenna characteristic calculated by GTD is a 

radiation pattern. Radiation patterns at l.OGHz and 1.5GHz with and 

without a slot were a1so shown with the ca1culated radiation patterns and 

they agreed we11. 
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Future study 

1n every situation， to consider coupling is one of the most important 

approaches to analyze the antenna problerns correctly. Couplings exist 

between antennas， between space and antennas and between 

electromagnetic fields and transmission lines. 

Enhancement of coupling is an important technique to make antenna 

characteristics attractive. A lot of new applieation of the electromagnetic 

wave will be considered in the future. The different antenna characteristics 

are required for each application that uses electromagnetic waves. The 

required antenna characteristics will be obtai.ned with the combination of 

the electric and the magnetic elements. For example， a feeding method 

without a contact is an application of the effective utilization of coupling. A 

contact wear problem can be avoided as the feed point does not have a 

contact. This method improves the dependability of the feed system. 

With the development of the electronic devices， a voltage to drive devices 

is dropping to a lower voltage. Also the distance between devices becomes 

smaller as the device size reduces. Thus the devices become susceptible to 

the electromagnetic interference (EMI). Although electromagnetic 

compatibility (EMC) becomes an important problem increasingly， EMC 

problems are less interested in for the study. 1t is because that the EMC 

problems occur in many situations and the counterplans must be considered 

for each problem. These problems can be considlered as the coupling between 

electromagnetic waves in space and the devices in a wide sense. 

Electromagnetic fields should be measured accurately to take a first step for 

the EMC problems. To measure the electromagnetic fields accurately， the 
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measurement system must be considered and modeled correctly in the 

computer simulation. In experiment， there are many error factors and we 

must take them away from the measurements. By doing so the measurement 

system is evaluated accuratel)たFinally，we can achieve the aim that the data 

calculated in the computer simulation and the one measured by the 

experiment are close each other in higher order. 
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AppendixA 

Hybrid method of IJnoment method and 

geometrical theoηof di倍 action

The hybrid method of MM  and GTD is a method for solving 

electromagnetic problems in which antennas are located on or near a 

conducting bodぁ suchas antennas on ships or airplane， or wire and slot 

antennas on a finite ground plane. This method can solve these kinds of 

problems by properly analyzing the interaction between the antenna and the 

conducting body or between antenna and a discontinuity in the conducting 

body[1]-[5]. 

To simpliちTthe discussion， consider two half-wave dipoles oriented near a 

conducting half-plane as shown in fig. A1. The direct electric field radiated 

from dipole #1 illuminates antenna #2. The difIracted field by the edge and 

the reflected field reach to antenna #2. Thus the total electric field at a point 

of the dipole #2 can be written as 

E2 =瓦+El:+E11 (A.1) 

where E1 2 ' 互~ and El~ are the direct， reflected and the diffracted electric 

fields， respectively. The diffracted field is show'n in equation (2.69) and the 

reflected field can be treated as the field due to the image of antenna #1. 

Then Eゥ satisfiesthe boundary condition on the surface of antenna #2 

shown in (2.51). 

E2x三=(丸+む +E，ρxen ーん8(/0) (A.2) 

The moment method is applied same as Section 2.3， the boundary condition 

(A.2) can be expressed as follows. 

Z:n 1 n = [Z mn + L¥Z mn ]I n = V m (A.3) 
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Finally the matrix equation (2.59)， where both the electric and the magnetic 

currents exist is rewritten as 

[[二二日立sZulu=[;;l 
where all the elements of the delta matrix can be obtained in the same forms 

where the electromagnetic fields in equations (2.60)・(2.63)are replaced by 

the diffracted electromagnetic fields calculated by GTD. 

Antenna#2 

.' 
.・一

Conducting half-plane 

.Antenna #1 

Direct field 

fig. Al Radiated field paths to antenna #2. 

Far field calculation 

Electromagnetic fields E and H due to the electric current in free space 

are expressed with the magnetic vector potential A (r) as 
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4π ル Ir-r1 (A.7) 

In the far region， the distance between the source point and the 

observation point Ir -r1 is nearly equals r-〆ω cas 

Ir -r1 == rー r'cosc (A.8) 

where c is the angle between the vectors r and r' as shown in fig. A2. The 

second term of (A.8) is negligible in the distance point of view. Substituting 

this relationship into the magnetic vector potential and (A.7) is expressed as. 

V
 

F
G
 

F
Hd o

 

nμ' 
V
戸一r'一v，J

J
 

F
S
E
f
J
 

Rμ

一

戸
一
方

J
u
一A
『

μ'
一一一

、、E
S
F'

一r
f's

・1、
一A (A.9) 

Same approximation is done to the electric vector potential andλ(r) can be 

written as 

Am  (r)=竿竺i厄(r')eJsr'cos.;dv' 
4πγ JV 

(A.I0). 

The components of the electric field directed to e andゆ inthe far region 

are expressed by using the electric and the magnetic vector potentials as 

follows. 

il3A ム

E。=-jω4θ 一二ιニニ
ε。

(A.ll) 

;ßAm7~ 
Eゅ=-)叫+tE (A.12) 

Electric fields diffracted by the edge are expressed in the ray fixed 
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coordinate system as 

E，~ (s) = -D" E;， (Q)A(ゆ一jss (A.13) 

where s:::: Ir -JI = r -d c吋 c'is山 anglebetween the vectors d and r 

d is the position vector from the origin to the diffraction point. By using the 

relationship between s and r， equation (A.13) can be rewritten as 

E，~ (s) = -D"E;， (Q)A(s )e-jsr ej向
cosC' (A.14). 

The diffracted fields in (A.13) are going to be rewritten with the 

expression in the spherical coordinate system centered at O. Let's consider 

only the electric current is the source. The diffracted electric field is written 

as 

JEd=JEj(s)Y+JEf(5M (A.15). 

J indicates that the electric field is due to the electric current. y andゆare

the unit vectors in the ray fixed coordinate system as shown in fig. 2.4. 

。andゆcomponentsin the spherical coordinate system can be written as 

J E ; =〕j乙() = 一(い，D"ノ1Eι刷;μ(ωQ汐8+D 上JJE i (ωQ 減6 ド凶(s)e-ν一づjρsreどj釦釦的山C∞ωo出5

JE;トy=〕j乙6ト=一(いD"ノ1Eι:，(ωQ汐6れ+D上1-1 Eι~(ωQJþ . (ji炉凶(改一つjρßre伽 sc

(A.16) 

(A.17). 

-and ̂  represent the vectors in the spherical coordinate system centered at 0 

and the ray fixed coordinate systems， respectively. 

In the far region 〆<<s， the spatial attenuation factor A(s) can be 

reduced into the simple form as 

J? イ-Fs
A均刷(sωSの)ト=JいS 乞一乞一

、や'+s) 
(A.18). 

Finally the diffracted field components 1 E; and 1 E: are written into 

following forms. 
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JEJ=-(D//JEJ(仰向上1E~ (ω8)ι-jsre山 cosc (A.19) 

1 E: =-(D// 1 E;/(Q)Y.(t +D~ 1 E~ (ω ぷ)ι-jßre府 cosc (A.20) 

The total electric fields are the sum of the direct and diffracted field as 

M E。=Eo+EJ (A.21) 

where E: can be expressed as E: = 1  E: +M E:， by using electric fields官J

and M E: are the diffracted fields by the edge and incident fields are due to 

the electric and the magnetic current， respectively. Eθis already shown in 

(A.ll). 

Direct field 

Z 

ノ Ob…

Current source 

Diffracted field 

y 

X 

fig. A2 Radiated field paths. 
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