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Preface

During the past two decades a large number of books have been written
on the general subject of electromagnetics. Most of these publications
have dealt with the classical approaches to solving electromagnetic
boundary value problems. There are only a few notable exceptions to
these, for instance, a monograph by HARRINGTON on the application of
the moment method for the solution of field problems and a text by
MITTRA on computer techniques for solving electromagnetic scattering
and radiation problems. Since the appearance of these two books much
~ progress has been made in the areas of eomputerated electromagnetics
and the application of ray-optical techniques in the low-frequency and
high-frequency regions, respectively. This book attempts to present a
comprehensive description of some of these important recent develop-
ments and to illustrate the application of these techniques to a variety
of problems of practical interest, e.g., design of dipole arrays and
reflector antennas. Almost all of the material appearing in the book is
relatively new and has not appeared elsewhere in any other publication
except in the form of journal articles. It is hoped that the book will serve
to fill the gap that exists in the current literature on numerical and
asymptotic techniques in electromagnetics and will be found useful both
as a convenient reference and as a practical tool for investigating electro-
magnetic radiation scattering problems. All of the contributing authors
are well known throughout the world for their many contributions on
moment methods, numerical aspects of computerated solution. ray-
optical techniques and other topics covered in the book and they have
made every attempt to present the material in the text in a coherent and
easily readable form. It is their fervent hope that the reader will not -
only find the book useful as a tool for modern electromagnetic analysis
and design, but will also enjoy the clarity of presentation of the advanced
material discussed in the book.

. Finally, the editor (R. M.) would like to thank all of the authors
for their excellent cooperation and the publishers for their extremely
efficient production schedule. ' :

Urbana, Illinois, January 1975 R. MITTRA
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1. Introduction

R. MITTRA

In the recent past, much of the effort in electromagnetics research has
_ been directed toward two broad areas, viz., numerical and asymptotic
tecliniques for solving boundary value problems arising in antennas,
scattering, propagation, an so on. Not surprisingly, both of these areas
are relatively new in the sense that the significant advances in these
areas have been made only within the last fifteen years or less. The -
advent of the computer triggered a prolific surge of interest in the
numerical solution of many practical electromagnetic analysis- and
synthesis problems that were previously regarded as too complex . to
be analytically tractable using the available theoretical methods. Ever
since the publication of the now classic paper “Matrix Methods for Field
Problems” by HARRINGTON [1.1] there has been an almost exponential
growth of the number of publications in the area of computerated-solu-
tion of electromagnetic problems. The genesis of modern asymptotic
electromagnetics is the pioneering work by KELLER [1.2] on the Geo-
metrical Theory of Diffraction, or GTD in abbreviated form. Though
the growth of research effort on GTD has not been nearly as dramatic
as in numerical electromagnetics, the advances have been highly signifi-
cant nonetheless. ' '

As with any field which has seen a rapid expansion in a relatively
short period of time, the results of recent research efforts in electro-
-magnetics can only be located in highly specialized journal publications
which may not be easily accessible to the interested user in the formof a
convenient collection. In addition, presentation in these papers may be
too abstruse for an average reader to receive any benefit. The only
exceptions are two relatively recent publications on numerical electro-
magnetics, viz. a monograph entitled “Field Computation by Moment
Methods” by HARRINGTON [1.3] published in 1968 and a WY edited
by MiTTrRA [1.4] which bears the title “Computer Techniques for
Electromagnetics”. No such comparable text or monegraph currently
exists on ‘the asymptotic techniques for electromagnetics, or, more
specifically on the GTD methods. :

The present book represents an effort to at least partially fill'in this gap,
by attempting to present the basic tools of numerical and asymptotic



2 R MITTRA

techniques available to the user in a coherent and convenient form. Since
the basic principles and applications of the moment method may be
found in [ 1.3], and a host of applications of this technique to the problems
f wire antennas, and general threc-dimensional scattering from solid
surfaces has been adequately covered in [1.4], the topics of discussicn
u the present text have been carefully selected to avoid duplication of
he material already published. Inswead, this bock deals with the im-
sortant topic of the application of the moment method to antenna
arrays in Chapter 2, and the problem .of numerically deriving the
characieristic modes of antennas an.d scatterers in Chapter 3. The know-
fedge of the modes for a given body shape is not only directly useful
for solving radiation and scattering-problems from these bodies, but it
cIso provides great insight into the mechanism of such radiation. Hence,
the characteristic mode concept is useful for investigating the antenna
synthesis problems as well.

Chapters4 and 5 of this book examine various computational
aspects of the moment method. These chapter discuss the problems of
numerical modeling, dependence of the numerical solution on the manner
in which the integral equation is transformed into a matrix equation,
questions of convergence, stability of matrix solution, difficulties at
interior resonant frequencies, and so on. Various computational aspects
which may affect the validity of a numerical solution for a thin wire
structure are considered in Chapter 4 and some additional questions
pertaining to numerical analysis are discussed in Chapter 5. Data based
on extensive numerical experiments with the method of moments are
presented in these chapters and some important conelusions are drawn
on the basis of these results. .

Although the two currently available texts [1.3, 4] serve as excellent
background material for the discussion on numerical aspects of electro-
magnetics presented in Chapters 2 through 5 of this book, as mentioned
earlier no such counterpart is available in the literature on the subject of
asymptotic solutions in electromagnetics. Thus, an entire chapter, viz.
Chapter 6, has been devoted to developing the background on ray
techniques and bringing the .reader up-fo-date on the latest methods
available for constructing ray-optical solutions of radiation and scat-
tering problems. It is believed that this chapter fills an important need in
providing the background and reference material, which is essential
for following the proliferation of recent journal publications. This
chapter also serves as an excellent introduction to Chapter 7 which
deals with the topic of reflector antennas and which makes extensive
use of ray optical techniques for computing the characteristics of re-
flector antennas that are typically very large in terms of the illuminating
wavelengths. '
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It is a well recognized fact that the numerical techniques are limited
in application to radiation and scattering from bodies that are not
electrically large. This is because the precipitous growth of the matrix
size and the associated processing time on the computer become pro-
hibitive at smaller wavelengths, that is in the resonance region of
above. 1n contrast. the ray-optical techniques which are high-frequency
asymptotic solutions, obviously work best when the body size is large
compared to the wavelength. Thus, in providing the analytical and
numerical tools for solving the electromagnetic problems by approaching
the spectrum from both ends, the book will hopefully serve the needs
of a hroad range of users who weuid obviously benefit from the wide
wrray of technigues presented in the text. Also, it is hoped that the
availability of a text such as this will spark future research interest in
electromagnetics with the result that numerical and asymptotic electro-
magnetics will be brought even closer together, and perhaps a new
arsenal of methodologies that bridge the gap between the low and high
frequency techniques will emerge from this happy merger.

References

1.1{. R.F.HARRINGTON: Proc. IEEE 55, 136 {1967).

1.2. J.B.KELLER: J. Opt. Soc. Am. 52, 116 (1962).

1.3, R.F.HARRINGTON: Field Computation by Moment Methods (The Macmiilan Com-
pany, New York, 1968).

1.4. R.Mirtra (editor): Computer Techniques for Electromagnetics (Pergamon Press,
New York, 1973). ’






. 2. Applications of the Method of Moments
to Thin-Wire Elements and Arrays

W. A. IMBRIALE

With 32 Figures

The use of high-speed digital computers with recently developed numeri-
cal methods makes possible the solution of many electromagnetics
problems of practical interest which, by classical techniques, would be
virtually impossible. A major advantage of numerical techniques is
that they may be applied to a body of arbitrary shape and are generally
only limited by the wavelength size of the body. This limitation is
practical rather than theoretical, in that a set of linear equations de-
scribing the system can be generated but this set may be too large to be”
solved in a convenient manner. A principle objective in solving a large
electromagnetics problem is to obtain a minimum set of equations for a
given degree of accuracy.
The purpose of this chapter is to present a practical method for
solving antennas constructed with arrays of wire elements. ' .
Wire.antennas are solved using a moments solution where the method
of subsectional basis is applied with both the expansion and testing
functions being sinusoidal distributions. Using sinusoidal basis functions
the terms of the generalized impedanée matrix become equivalent to
the mutual impedances between the subsectional elements. These basis
functions are extremely useful for the analysis of large arrays of dipoles
since the use of one subsegment per dipole is equivalent to the induced
EMEF method of calculating mutual impedances and gives a physically
meaningful results. For an array of N dipoles this allows the minimum
matrix size of N x N to achieve a good first-order approximation 10
the solution. Of the many applications discussed, this first-order ap-
proximation is shown to be an adequate representation of the solution.
Section 2.1 examines the numerical convergence of the moments
solution using sinusoidal basis functions. Generally an equivalent
radius is used in the evaluation of the self-impedance term to reduce
computation time. It is shown that only for very thin subsegments is
the correct equivalent radius independent of length and that the use
of an incorrect self-term is responsible for the divergence of numgrical
solutions as the number of subsections in increased. . ] .
Section 2.2 discusses the solution of single and multiple Log-Periodic
Dipole (LPD) antennas. The analysis is formulated in terms of impedance
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and admittance matrices for the dipole and transmission line networks.
The first order approximation is shown to be equivalent to the original-
selution proposed by CARRELL [2.1] and is adequate for the practical
range of operation of LPD antennas. In addition, the analysis for the
detailed characteristics of the antenna over a wider range of operating
conditions is provided by the complete moments solution. Alse. the effects
of feeder booms on the performance of multiple LPD antennas is
examined.

Section 2.3 combines the method of moments for wire antennas with
the physicai optics scaitering from reflectors to provide a description
of LPD antennas as feeds for parabolic reflectors. Utilizing the numerical
solutions, design curves for optimizing the gain of LPD fed reflectors
are generated. In addition, a technique for reducing mutual coupling
between multiple LPD feeds is presented.

¥

2.1. Method of Moments Applied to Wire Antennas

The method of moments is applied to wire antennas, as discussed in
other papers [2.2,3], but carried to a higher order of approximation
which allows treating the case where the length to radius ratio is small.
The theory will address the straight wire antenna but the extension to
wires of arbitrary shape is straightforward. ‘

In the moments solution the method of subsectional basis is applied
with both the expansion and testing functions being sinusoidal distribu-
tions [2.4]. This allows not only a simplification of near-field terms but
also the far-field expression of the radiated field from each segment,
regardless of its length. Using sinusoidal basis functions, the terms of the
generalized impedance matrix are the mutual impedances between the

" subsectional elements and can be computed using the induced EMF
method.

In the induced EMF method an equivalent radius is usually used in
the evaluation of the self-impedance term to reduce computation time.
It is shown, however, that only for very thin subsegments is the correst
equivalent radius independent of length. When the radius to lengih
ratio (a/L) is not small, an expansion for the equivalent radius in terms
of a a/L is given for the self-impedance term. The use of incorrect self
term, obtained by using a constant equivalent radius term, is shown
to be responsible for divergence of numerical solutions as the number
of subsections is increased. This occurrence is related to the ratio of a/L
of the subsections and hence becomes a problem for moderately thick
wire antennas even for a reasonably small number of subsegments per
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wavelength. Examples are given showing the convergence with the
correct self terms and the divergence when only a length independent
equivalent radius is used.

Sinusoidal basis functions are extremely useful for the analysis of
large arrays of dipoles since the use of one subsegment per dipole is
equivalent to the induced EMF method of calculating mutual impedances
and gives a physically meaningful result. For an array of N dipoles this
allows the use of the minimum matrix size of N x N to achieve a good
“first-order” approximation to the solution. If n subsegments are required
to characterize the behavior of each dipole in the array then the minimum
matrix size required for a solution would be n- N xn- N. For large N
and moderate n this matrix size quickly exceeds the capability 4 most
computer systems. Of the many applications discussed in later sections,
the use of the “first-order™ approximation is ¢h:cwn to be an adequate
representation of the solution.

2.1.1. Basic Theory

Figure 2.1 shows a straight section of wire of circuiar cross section, and
defines the coordinate system. The wire extends from z=0 to z=1L
along the z-axis and is of radius a. It is assumed that the radius is small
compared to a wavelength but the ratio of a to L need not be small.
Thé only significant component of current on the wire is then the axial

Z'Ljr—

—

ls— 23

7
@

e T——

1

7’
e D

X

Fig. 2.1. Straight wire and coordinate
system
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component, which can be expressed in terms of the net current I(z) at

any point z along the wire. The current distribution will then be modeled -

as an infinitely thin sheet of current forming a tube of radius a, with the

density of current independent of circumferential position on the tube.
An operator equation for the problem is given by -

. L
L{I(2)} = j(Anwe) ' (d*/dz* + k?) § 6[ [exp(—jkR)/R] @1

-I(z)dz’ dc = Ei(2),

where E.(z) is the z component of the impressed electrical field at the wire
surface, I(z') is surface current density, §.dc represents the integration
around the circumference, and R is the distance from the source point
to the field point.

The procedure is basically one for which th'e wire is ‘divided into
subsections, and a generalized impedance matrix [Z] obtained to
describe the electromagnetic interactions between subsections. The
problem is thus reduced to a matrix one of the form

[Z] (=[vl, ' 22

where [I] is related to the current on the subsections, and [V] to the
electromagnetlc excitation of the subsection. .

Matrix inversion is a simple procedure for hlgh speed digital com-
puters, and hence the problem is considered solved once a well-con- -
ditioned matrix [Z] is obtained. Of considerable importance is the
" ease and speed of evaluating the matrix elements.and the realization
of a well conditioned matrix [Z].

_ The solution to be described uses sinuisoidal subsectienal currents

and Galerkin’s method [2.5], which is equivalent to the reaction concept
[2.6], and the variational method [2.7]. Let the wire bé broken up
into N segments each of length 2H and let I(z) be expanded in a series
of sinusoidal functions

I1(2)~ Z L,S(z—nH), (2.3)
where I, are constanfs and

S(z)= {sink(H— iz]), lzZl<H @4

10, ' lz| > H .



