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A BSTRACT 

This thesis is a comprehensive and systematic examination of the wire

grid modeling technique applied to radiating antennas mounted on or near conducting 

bodies. The central objective is to seek general guidelines both for the grid model 

formulation and for the computational process structure. The study is carried out in 

terms of c10sely coordinated and. ?.Drallel numerical and experimental analysis of eight 

progressively more complicated antenna structures ranging from a simple monopole on a 

finite ground plane to a complex aircraft structure. 

The computational and experimental results are compared and evaluated 

in terms of far field patterns. The study establishes the relative influence and signifi

cance of, and indicates guidelines for, the following essential features of the wire-grid 

mode 1 ing technique : 

(i) the numerical formulation of the basic integral equation, 

(ii) the computational modeling of the excitation source, 

(iii) the kind of basis function used for segment current approximation, 

(iv) computational details regarding geomet~ical data accuracy and 
exploitation of symmetry features, 

(v) the use of the 'stati onary Iines of fi ow 1 concept, 

(vi) the geometry of the wire-grid mode 1 , 

(vii) the numbers of grid wires used and their segmentation, 

(viii) the cross~ection geometry and dimensions of modeling wires, and 

(ix) the continuing importance of experimental measurements. 

The conclusions suggest the eventual possibility of formulating wire-grid modeling pro

cedures from basic canonic forms and indicate the need to examine the influence of 

additional features such as grid-wire junctions and wire element peripheral current dis

tribution. 
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CHAPTER 1 

INTRODUCTION . 

1.1 Background: The linear Antenna in Unbounded Space 

This thesis considers the general problem of wire ·antennas mounted near 

conducting surfaces. In order to introduce the subject 1 a review of thin wire antennas 

in unbounded space is necessary. The fundamental concepts of linear antenna theory 

form an essential foundation to this study 1 and the introduction therefore begins with a 

survey of c1assical and numerical methods of linear antenna analysis. 

1.1.1 Classical - Analytical Studies 

The thin wire antenna in free space (~ , E ) has been studied as a 
o 0 

boundary-value problem for quite a long time. The basic problem is to determine the 

current distribution along the antenna due to a known time-harmonic (e jwt) excita-

tion, and to evaluate the resultant electromagnetic field and the driving-point impedance. 

When the antenna takes the usual thin and uniform cylindrical shape as shown in Figure 

1.1 (a), the field equations, derived from Maxwell's equations , can be formulated 

directly in terms of cylindrical coordinates. The required solutions, however, have 

never been easy to obtain because a finite cylindrical surface does not belong to any 

set of regular coordinates for which the separation of variables technique is possible. 

Consequently 1 the solutions to this antenna problem have been sought generally by in-

troducing sorne geometric approximation, or by seeking completely different methods. 

ln broad terms, as discussed more fully by Aharoni [1 J, and Schelkunoff [2J, three 
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Figure 1.1. Three Basic Mathematical Models of the Straight Thin Wire Antenna. 

different mathematical methods have been used 

(1) the antenna is treated as a boundary-value problem 

(2) the antenna is considered to be a transmission-Iine-Iike 

waveguide, and 

(3) the antenna is described as a circuit problem defined by 

an integral equation. 

As radio communications technology developed, engineering approximations were also 

introduced to improve the design of broadcast towers and high frequency antennas. The 

three rnathematical methods assume that the antenna surface is a perfect conductor. 

Aside from this common assumption, the approximations used in each method are radically 
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different. The exact boundary-value type of solution first obtained by Chu and 

Stratton [3J was based on prolate spheroidal geometry s.hown in Figure 1.1 (b). A 

prolate spheroid coordinate system is one of the few for which boundary conditions can 

be matched directly and separation of variables carried out [4 J.. Although in prac-

tice antennas were not (and are not) designed as spheroids, the complete oscillatory 

solutions obtained were nevertheless found useful by providing results which could be 

compared with other solutions. When the spheroid is elongated and the ratio h / a »1, 

it approximates a thin cy!indrical antenna very closely, and thus the important antenna 

parameters can be deduced. Starting with a different approach, Schelkunoff [5J 

arrived at similar results. The antenna was approximated by a wide-angled conical 

transmission line with a source between the apexes of the conical arms as in Figure 1 .1 (c). 

It was postulated that the arms of the transmission line act as a waveguide, launching 

the radiated energy into space . From transmission-line-Iike equations for the electric 

vector Ë (in place of voltage V) and the magnetic field vector 'Fi (in place of cur

rent 1), field solutions were derived. The unknown coefficients were determined by 

matching boundary conditions at different regions. If the cone angles 2 I/J were taken 

to be narrow, it was argued, the conical configuration approximated a cylindrical an-

tenna, and once again important antenna parameters were evaluated. 

While the fundamental antenna problem was being studied mathematically, 

more practical attempts were being made to arrive at some useful engineering models 

and approximations. The earl iest successful studies were made by Carter [6 J on short 

monopoles, and Brown [7J on long antennas. The thin wire antenna was compared 

to an open-ended transmission li ne , and some basic simi larities noted. Despite struc-
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tural differences, field solutions applicable to a coaxial transmission line were directly 

extended to the center-fed wire antenna. This led to one of the most important approxi

mations in antenna engineering - namely that the current distribution along the antenna 

could be approximated by simple sinusoïdal functions with constant phase. Actually 

this result was proposed earlier by Pocklington [8] in a mathematical study of electri

cal oscillations in a thin wire. It is significant to note that the whole foundation of 

linear antenna engineering has been large Iy based on the assumption of trigonometric

function current distribution [9], [10], [11]. 

The main limitation of the classical "sinusoidaP' theory is that it predicts 

fields inaccurately near the antenna surface and consequently cannot be relied upon for 

the determination of input impedance. Various other methods have bl..:m proposed there

fore for determining the current distribution analytically. A major starting point has 

been the one-dimensional integral equation first formulated by Hallén [12], which he 

solved asymptoti cali y • Most subsequent investigations for solving Hallén's integral 

equation are described in King's definitive book [14]. More recent techniques along 

similar lines are surveyed by Collin and Zucker [15], and King and Harrison [16] . 

ln addition to Schelkunoff's and Hallén's work, significant contributions have been made 

also by Albert and Synge [17], whose rigorous integral equation was shown to be equi

valent to Hallén's and has provided useful insight into the physical and mathematical 

modeling for the excitation source of the wire antenna. 

1.1 .2 Recent Numerical Techniques for Thin Wire Antennas in Foree Space 

As in the case of many other electromagnetic problems, the wire antenna 

problem has been analyzed by recently developed computational techniques. Hallén's 
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in.tegral equation, though difficult to solve analytically, has been easily discretized 

by Mei [18 J. The collocation technique which he used was later improved by Veh 

and Mei [19J, and the procedure has been extended to thin wire antennas of arbitrary 

shape .. The moment method exploited by Harrington [20 J, [21 J in simplifying the 

study of many electromagnetic problems has also been applied to the thin wire antenna. 

A .more recent attempt has been made by Popovié [22 J to solve Hallén's equation 

using polynomial approximations. Significant numerical contributions have also been 

made by Harrington and Mautz [23 J, and Thiele [24 J . 

1.2 Wire Antennas Near Conducting Surfaces: A Survey of Theoretical 

and Experimental Studies 

For the purpose of this thesis, a conducting surface may be a disk, a 

cylinder, a plane sheet, any curved surface, or any combination and intersection of 

such surfaces. The surface may be closed or open ; it can be partially or totally formed 

bya wire-grid, or meshed structure, but it must have finite electrical dimensions. By 

a wire antenna is meant a monopole or dipole fed against a conducting surface or any 

straight wire antenna placed near a conducting surface. (The terms "e lectric dipole (s) ,II 

IIdipole (s)" or monopole are used frequently in the text instead of the term "wire an-

tenna (s) Il) . 

If the problem of the isolated wire antenna in unbounded space is quite 

difficult, the problem of the wire antenna mounted on or near a conducting surface is 

considerably more formidable. The fundamental questions are still the Sl.1me as in the 

case of the simple isolated antenna: "How to determine the impressed or induced 



.. , 

6 

current distribution on the complex antenna structure, and thence how to find the re

sulting fields and driving-point impedcince 7" The basic departure from the simple 

antenna situation is the presence of impressed or induced currents on the neighbouring 

conducting surfaces which will most likely modify the radiation pattern of the isolated 

antenna. 

The simplest wire antenna - conducting surface system which has received 

considerable attention consists of a monopole on a conducting disk. One prominent 

contribution to this problem is that by Leitner and Spence [25J who calculated the 

radiation pattern of a quarter-wave monopole above a disk by formulating the scalar 

wave equation in spheroidal coordinates. The current distribution on the disk was com

puted and the radiation pattern obtained for various disk radii. Anot~1er important 

solution was made by Storer [26 J who applied variational methods to an electric field 

integral equation. His method removed the restrictions on the length of the monopole, 

but its range of validity is 1 imited to angles above and beyond the plane of the disk. 

ln addition to the above radiation pattern studies, extensive experimental and theore

tical investigations concerning the impedance characteristics of the monopole antenna 

on a disk have been made by Meir and Summers [27J, Storer [28J, and Bekefi [29J, 

to name a few. The next complex struct,:,re is probably the corner reflector antenna which 

was first studied by Kraus [30 J, and later more extensively by Moulin [31 J using the 

image the ory technique. The sa me problem has been treated by Wait [32 J by means 

of potential equation formulations. Still another study of the corner reflector has been 

made by Ohba [33J who obtai ,ed radiation patterns for finite reflectors by applying the 

geometrical theory of diffraction. Pro~:ressing to other shapes, the case of an electric 
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dipole antenna mounted on or near a sphere has been studied by Pappas and King [34J, 

and Harrington [35J. The general problem of wire antennas near cylinders was first 

investigated by Carter [36 J using diffraction theory and the reciprocity principle. 

Sinclair [37 J later extended the same method to dipole and loop antennas mounted 

near cylinders of elliptic cross.section. lucke [38J also obtained similar results for 

electric dipoles near cylinders of circular and elliptic cross sections using a Green1s 

function method. A further simplification of Carterls method has been attempted by 

Knight [39]. Wait's treatise [40 J, which is mainly devoted to studies of radiation 

from conducting surfaces excited by slots, 0150 describes the corner reflector, axial 

dipoles near conducting cylinders, and radial dipoles near cylindrical surfaces. 

For most radiating structures consisting of wire antennas and conducting 

surfaces, especially those with complex or irregular shapes, radiation patterns have 

been determined in practice byexperimental measurements on actual systems or scaled 

mode Is. One basic reference for the modeling technique is the work of Sinclair and 

others [41 J who also formulated the theory for scale model measurements [42J. Direct 

determination of current distribution on aircraft frames has been made by Granger and 

Morita [43J, but in practice such measurements are far more difficult to perform thon 

the direct determination of radiation patterns. The scale model technique has been 

applied to antennas mounted on ship structures by Wong and Bornes [44 J, and there 

have been similor numerous measurements of radiation patterns made for aircraft and 

helicopters [45J . 
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1.3 Computational Techniques for Wire Antennas near Conducting Surfaces 

One inherent problem in the scaled-model measurement technique has 

always been the excessive time and cost involved in the design and construction of 

equipment and the antenna models. Recent advances in numerical and computational 

techniques show a definite promise for overcoming this difficulty. Research in the 

computational methods is currently in three or' four areas. Balanis [46J has con

sidered the problem of a dipole near a relatively large cylinder of circular or rectan

gular cross-section. His method resolves the problem into two components - in the 

first part, rigorous solutions for a radial current element near an infinite ground plane 

are applied, and in the second part, diffraction contributions from the edges of the 

large but finite cylinder are added. The method essentiafly follows well-known 

diffraction techniques. More exact numerical techniques have, however, been applied 

only to surfaces with e lectrical dimensions of the order of a wavelength and half (or 

smaller). Two equivalent but different techniques have been used. 

One method divides the conducting surface into a discrete number of small 

surface current elements. The second method involves the modeling of the complete 

antenna structure by an equivalent grid of thin ~ires. Beth techniques foflow the same 

numerical and computing procedures. Integral equations are formulated in which the 

unknowns are either surface currents in the case of the surface element method, or line 

currents in the wire-grid modeling method. Using point-matching techniques, the in

tegral equations are transformed into a system of algebraic equations which are solved 

by standard matrix methods. The surface element method has been formalized into a 

magnetic field integral equation by Poggio and Miller [47J. A variation of the same 
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method known as the surface distribution technique, has been applied by Oshiro and 

Metzner [48 J to scattering problems. Tesche and Neurether [49J have used mag

netic field and electric field in~egral equations with Greenls functions to determine 

the current distribution and radiation patterns of one or two monopole antennas mounted 

on a conducting sphere. In a more complete form, the surface element technique has 

been used by Goldhirsh and others [50] to obtain the radiation pattern of a short radial 

electric dipole near a finite conducting cylinder. The wire-modeling technique, which 

appears to be more efficient both from the modeling and computational points of view, 

was first developed by Richmond [51 J for the study of scattering by conducting surfaces. 

This can be considered as the dual of the surface modeling technique in that the inte

gral equation defines an electric field. The technique has been successfully applied 

by Miller and others [52J to the analysis of helicopter antennas, and by Thiele and 

others [53 J to a monopole mounted on the base of a con~. 

The basic approach of Miller and his co-workers has been to solve a 

scattering problem, and then to deduce radiation patterns by using the induced current 

method Thiele and others assumed a current distribution on the monopole, and then 

proceeded to determine the unknown currents on the surface of the cone. 

Besides the above two equivalent methods, there have been attempts made 

to combine classical and computational techniques. Bolle and Morganstern[54] have 

studied the radiation pattern of a monopole on a sphere by applying Schelkunoff's method 

for conical antennas. A more extensive study of a monopole mounted on a sphere or a 

cylinder has been made by Tai [55J, who employed image theory'and transform techniques. 
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1.4 The Present Work 

Despite the progress made in computational techniques to reduce complex 

antenna structures to surface elements or wire grids, previous work has been usually 

directed to isolated problems. With the exception of the wire-grid method which is 

beginning to show practical application, the other methods (e.g. Tesche and Neurether, 

Bolle and Morganstern, Tai) emphasize mainly the mathematical and numerical aspects 

of the techniques. The use of the wire -grid method by other investigators for scatter-

ing by conducting bodies has laid a foundation for its application to energized radiating 

arbitrarily shaped conducting bodies. However, at this time the principal gaps in the 

technique are: (a) the lack of systematic procedures for establishing the wire-grid 

models of complex structures, and (b) the lack of comprehensive methods for the seg

mentation of the wire-grid model and the subsequent discretization details necessary 

for practical computati on. A major long-range goal of research in this area therefore 

should be an attempt to formulate definitive methods for wire-grid modeling - methods 

which might be described as canonic forms of modeling and computation. A basic ob

jective of this present thesis therefore is to undertake a series of systematic coordinated 

studies of antenna systems to seek some indication how such canonic forms might be 

established in the future. To substantiate the accuracy of computed patterns, and 

hence to provide an independent validation of the modelir:-tg procedures, there also 

exists a need to obtain experimental results. 

The thèsis is th us aimed at determining radiation patterns by applying the 

wire-grid method of analysis to a number of finite antenna structures, and thereby 

prepare a foundation for the general goal mentioned above. The specific objectives 

of the study.are as follows : 
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i .... (i) To develop a more systematic method for arriving at 

a wire-grid model for a given antenna configuration. 

(ii) To apply the wire-grid technique to structures which to 

date have not been considered or have only been examined 

partially. 

(iii) To complement most of the computed patterns by experi-

mental measurements. The experimental investigation is 

an integral part of the study because 

(a) it indicates the degre.e of equivalence of con-

tinuous conducting surfaces and their wire-grid 

models, 

(h) it provides an insight to significant parameters 

that affect the accuracy of the computed patterns. 

(iv) From a comparison of the computed and experimental patterns, 

to draw conclusions regarding the general applicability, ac-

curacy, and 1 imitations of the technique, and to seek a set of 

criteria for the determination of the number and the distribu-

tion of wire elements needed for a given antenna structure. 

ln realizing the above objectives, and in testing the computer programs, 

the computed patterns are also compared whenever possible with results based on other 

techniques such as : 
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(a) Classical analytical approximations. 

(b) Equivalent numerical techniques. 

(c) Experimental measurements by other investigators. 

The basic features of some patterns have also been compared with those available from 

commercial data. 

It should be pointed out that ~ daim is made about the originality of 

either the numerical techniques used or the experimental procedures followed. How

ever, the following daims are made : 

Q) The wire-grid modeling technique is applied in a compre

hensive and systematic way to a wide range of radiating 

antenna systems. 

Qi) Unlike previous work, notably that of Miller [52] where 

scattering techniques and induced-current method have been 

used, or Thiele [53] where the source currents have been 

assumed, the antenna structures in this study have been 

treated as active radiating systems with the excitation vol

tage specified and the resulting impressed current distribution 

on the complete antenna system as the unknown. The ap

proach has required a representation of the coaxially-fed 

excitation point either by a finite-width gap with a uniform 

electric field or a magnetic frill source sufficiently accurate 



for radiation pattern calculations. These source models 

have been studied before in the treatment of ba lanced di

pole antennas or ground-based monopoles by King [14], 

Harrington [20J, Albert and Synge [17], and Tai [55]. 

However, as far as it could be established, they have not 

been used previously in the study of complex radiating 

structure. 

(iii) An attempt has been made to establish the effect of the 

thinness of the wire models on the accuracy of the patterns. 

This step has been found to be important especially in apply

ing the computation programs to antenna systems in which 

wires of different radii or thin strips of different widths are 

part of the structure. 

(iv) Extensive effort has been made to substantiate the computed 

patterns experimentally for most of the antenna configurations 

investigated in the study. 
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The numerical-computational part of the thesis begins in Chapter Il where 

the basic equations and numerical techniques are described. Starting with Pocklington's 

integral equation, the field interactions of neighbouring current segments are formulcted. 

The numerical analysis essentially involves the use of pulse basis functions and impulse 

weighting functions. In transforming the equations into "Kirchhoff-like network equations, Il 
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a slight but significant departure is made from the basic methods formulated by 

Harrington [20J , Poggio and Miller [47J, and Thiele [56J. Approximations 

for radiation pattern computations are 0150 established. 

ln Chapter III, the wire-grid analysis method is described, and its appli-

cation to calculation of current distribution of specifie antenna configurations is 

developed. It is shown that the use of the technique is dependent to a large extent 

on the type of source feeding , and the geometry of the radiating structure. The 

method is applied in two steps. First, simple structures are considered, and these are 

then followed by more complex radiating structures. The simple structures consist of 

a monopole on a disk, a monopole on a sphere, a dipole mounted on the side of cylin-

drical towers (or masts) of different diameters, and a corner reflector antenna for 

different corner angles. The most complicated structure approximates a monopole 

mounted on the tail section of a helicopter. But before this structure is analyzed, 

intermediate configurations are modeled. First a radial dipole mounted on the side 

of a finite cylinder, next a dipole on the end of the cylinder, and finally a dipole on 

the large end of a truncated cone are considered. The technique is finally applied 

to determine the elliptically polarized radiation pattern of a monopole placed on a 

helicopter tai! section. The effect of a variable geometry is also investigated partly 

by considering the effect of different positions of the helicopter rotor blades. The 

appropria te segmentation schemes and the particular computational procedures followed 

are discussed in some dp.tail . 

Chapter IV outlines a description of the experimental antenna models 

used and the experimental procedure followed. 



15 

A discussion of the computed and measured far-field radiation patterns 

is given in Chapter V. Plots of radiation patterns for principal plane cuts and 

polarization components are presented. 

Finally, the significant results, conclusions and contributions are sum

marized in Chapter VI. The main observation drawn from comparisons of computed 

and measured patterns is that the wire-grid method of analysis is an effective practical 

and flexible technique, capable of wide application provided certain basic modeling 

steps are followed in obtaining wire models of antenna structures. Guidelines for these 

steps form an important contribution to this investigation. 
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EQUATION FORMULATION, NUMERICAL TECHNIQUE, 

AND RESPRESENTATION OF EXCITATION SOURCE 

2. 1 Introduction 
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The field of an isolated current element is first formulated in terms of its 

current distribution. The current element is assumed to be a perfectly conducting 

wire, and its radius and length are taken as parameters. The method of equati on 

formulation is then extended to a finite number of neighbouring current elements. The 

basic numerical technique for transforming the integral equations into a system of line

ar equations which can be referred to as Il Kirchhoff-like network equations" is then 

outlined. The solution of these network equations yields the unknown current distri

bution on the wire elements. Since the representation of the source is essential to the 

setting up of the equations, an extensive consideration of excitation source models is 

presented. Finally the radiation field equations., which are needed for pattern com

putation, are derived. 

2.2 Integral Equation Formulation 

2.2. 1 Fie Ids of a Cyl indri ca 1 Current Element 

Consider the cyl indrical element of finite length s and radius a < < À , 

where À denotes wave length. As shown in Figure 2.1, the element is oriented a\.ong 

the z-axis. A time-harmonic current 1 (z') exp (i c..l t) is assumed. The current ot 

cny point along the element is considered to be uniform around its periphery. 
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z 

y 

x~ ____________ _ 

Figure 2.1. A Cylindrical Current Element of Length s and Radius a 

The electric field at an observation point P { 0 ,(/:J, z) near the current 

element is sought, where p, tfJ, z are cylindrical coordinates. The time exponen-

tial will be hereafter omitted in the derivations, and the medium surrounding the current 

element is assumed to be free spa ce (f.1 ,E ). Since the current 1 (Zl) is taken to 
o 0 

be uniform around the element periphery, the fields wil 1 be independent of cp, and 

hence the observation point can be taken in the y - z plane. The z - component of 

the vector potential A and the scalar potential ~ can be written, respectively, in the 

form 

and 

1-'0 
Az ( P , 'If /2 , z) = 4n 

5/2 

r i{Z')G{Z,Z')dz' 
u 

5;2 

~ ( P , 'If /2, z) = 41 J q (Zl) G (z, Zl) d Zl 
'ifE 

0-5;2 

(2.1) 

(2.2) 
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where 1 (z') has been defined above, and q (z') is the charge per unit length of 

the element. The Green's function G (z, z') is given by 

with 

G (z, z') = 
1 

2'Jt 

2'11' -.kR r e 1 
.. 1 R 
o 

d cp' 

2 2 2 , 1/2 
R = [( z - z' ) + p + a - 2 p a cos ((J ] 

(2.3) 

(2.4) 

where i = J - 1 and k = Co) J II E is the wave number for radian frequency Co). 
o 0 

The coordinates of the source point on the surface of the current element are taken to 

be (a, cp' , z'). Since the current element is assumed to be perfectly conducting, 

then because of skin effect the current is concentrated on the surface of the cylinder. 

Thus the element can be solid or a hol\ow cylinder provided the condition a < < À 

is satisfied. 

The electric field ë S 
due to the current and charge on the element can 

be obtained from the potentials by 

-t =-jCo)A-vCl» (2.5) 

where the superscript s is used to distinguish this field from an impressed (or in

cident) electric field ë i 
. The vector and scalar potentials satisfy the condition 

(2.6) 

The 1 ine current 1 (z') and the charge density q ( z 1) also satisfy the conti nuit y 

relation 



d 1 (z') + 1· W E q (Z') = 0 
d z' 0 

Thus with Equations (2.5), (2.6), and (2.7), it con be shown that 

ë S 
= - i 2 [ 'il ('il. A) + k

2 A ] 
k 

19 

(2.7) 

(2.8) 

-s 
Because of the cp - symmetry, the .vector E wi" have radial and axial components 

only, i.e., 

(2.9) 

where T and T are unit vectors in the axial and radial directions. Thus from z p 

Equations (2.1), (2.8), and (2.9), the z-component of the electric field can be 

written in the form 

( z') [0
2 

G (z, z') + k2 G (Z,ZI)] d z' 
oz2 

Similarly, the radial component becomes 

s - ·1 E -
0-41TWE 
, 0 

s/2 

J 1 (z') 
-s/2 

2 o G (z, z') d z' 
oz a ,0 

(2.10) 

(2.11) 

Equations (2.10) and (2.11) give the complete field, and they are valid for regions 

near and including the surface of the wire element. If in addition an impressed field 

-i 
Ez is applied parallel to the axis of the element, and is also uniformly distributed 

around its periphery, then the boundary condition 
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(2.12) 

must be satisfied on the wire surface since it has been assumed to be perfectly conducting. 

Re-writing (2.12) in the form 

ES = _ E i 
z z (2.13) 

and substituting (2.13) in (2.12), the integral equation 

s/2 2 
l 1 (z') [0 G (z, z') + k2 G (z, z') J d z' = 

oz2 
-5/2 (2.14) 

is obtained. 
_i 

If E is known or given, then (2.14) is an equation for the current 
z 

distribution 1 (z'). The equation is commonly referred to as Pocklington's integral 

equation, and it has been used as the starting point in formulating equations for straight 

wire antennas [14 J. The Green's function G (z, z') can be integrated nu me ri cally, 

but it is also frequently approximated by [16 J 

G (z, z') 
- j k r 

e 
r 

(2.15) 

where 

2 2 2 1/2 
r = [( z - z' ) + p + a J (2.16) 

With this approximation, the differentiations in (2.10) and (2.11) can be carried 

out inside the integral signs. The resulting relations are 

s/2 . k 
2 2 2. 2 2 -1 r ----J l(z')[2r (l+jkr)-(o +a)(3+3jkr-k r Je i dz' 

4 'If LI E -s/2 r 5 
o 

= 

(2.17) 

· \ 
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and, 

= 
5/1. - i k r J 1 (z') [( z - z') (3 + 3 i k r - k

2 ? ] _e ~=--- d z· 
-5/1. r

5 
(2.18) 

Equations (2.17) and (2.18) are the fundamental relations used in the wire-grid 

analysis method. 

2.2.2 Field Equations for N Interacting Current Elements 

The formulations given in (2.17) and (2.18) con be easily applied to 

a system of N ( ~ 2) arbitrarily oriented cylindrical current elements. First consider 

the two current elements shown in Figure 2.2a • Each element is specified by its 

length sand s ,ra'dius a and a , and centre coordinates (" x ,y ,z: ), 
m n m n mm m 

and (x n ' Yn ' zn) , respectively, with respect to the origin 0 • 

y o'}-____ ~ 

Figure 2.2 a. Two Arbitrarily Oriented Cyl indrical Curre~t Elements. 
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Axial coordinates ~ and 17 are defined in the direction of current flow in each 

element, and the respective current distributions are 

1 ( u ) 
m 

and 

for elements sand s , respectively. Let the impressed field along the axis of 
m n 

i 
sm be E~. It is required to express the total axial electric field along the axis of 

s The total field consists of two components: one part is the given impressed field 
m 
i 

E ~' and the other component is the field due to the self-current lm (u) plus the 

field due to the current 'n (v) on element sn The total field, by (2.12), must 

be zero on the surface of s 
m 

This boundary condition con, however, be matched at 

any point inside s , and this will be done along the axis of s 
m m 

inside sand along its axis, there exists the condition 
m 

where E
i 

is given, and 
~ 

ln (2.20) 1 (Es) is the axial field due to the self-current , 
m m m 

Thus at any point 

(2.19) 

(2.20) 

s 
(u), and (E ) 

n m 
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is the field component* due to the current 1 (t) on segment s. The (Es) 
n n m m 

compone nt can be deduced from (2.17) provided new coordinate axes are defined 

with the ~ - axis replacing the z - axis of Figure 2.1 . 
s 

To evaluate (E ) , a 
n m 

coordinate transformation is required, and it should be noted that Richmond's main con-

tribution [51] in the development of the wire-grid technique probably lies in simpli-

fyi ng th i s coordi nate transformati on. 

An approach which is partially different is presented below. The direction 

of the current flow in each element has already been specified, but further information 

about the angular orientation is also needed. Using Richmond's notation, each ele-

ment lies an angle a belowa plane parallel to the x - y plane, and its projection 

in the x - y plane makes an angle ~ with the x - axis. The angles are shown in 

Figure 2.2 b, with the arrow indicating the direction of current f1ow. 

% 

~-
1 1 
1 1 

1 1 

1 1 
0 

y 

1/ 1 

~~ 
x / 

Figure 2.2 b. Direction of Current Flow in a Wire Element 
Specified by Angles a and f3. 

* Sorne additional explanation about the superscripts and subscripts is needed here. 

The superscript Il s" has been defined on page 19 . The internai subscript 

denotes the source current, and the external subscript refers to the point of obser-

vation. 
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Referring again to the two elemen1's in Figure 2.2 a , it is seen that element s ,a , 
m m 

is defined ·by. its centre-coordinates (x
m

' y m ' zm) with respect to a chosen 

reference system centred at 0, and orientation angles a and 13 • Similarly 
m m 

current element s ;s defined by (s , a , xn' Yn' z , a , (3 ). To n n n n n n 

simplify the derivation, it can be assumed that a = a = a. The next step is to m n 

define a new coordinate system (Xl , yi , Zl ,) centred at (x
n

' y n' zn)' 

with the Zl - axis coinciding with the z - axis, i.e. the axis of element s The 
n 

following unit vectors are also defined : 

i , i , i in the (x, y , z) coordinate system. 
x Y 

i 
Xl 

, T 
y' 

i ~ 

i = i 71 Zl 

i P 

i .0
1 

z 

i 
z' 

in the new (Xl, yi, Zl) system. 

in the direction of current flow in element s 
m 

in the direction of current flow in element s 
n 

radial unit vector in the (x, y, z) system. 

radial unit vector in the (Xl, yi , Zl) system. 

ln terms of the orientation angles, it can be shown that 

il: = i cos a cos 13 + i cos a sin 13 - i sin a 
... x m m y mm z m 

Similarly 

'T' ...... 
1 = Il 

11 z 
= T cos a cos 13 + T cos a sin 13 - i sin a 

x n n y n n zn 

(2.21) 

(2.22) 
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are defined for each of the new x', y', z· axes with respect to the fixed reference 

system of axes [57J, then the new coordinotes will be given by the following rela-

tions : 

x· = (2.23a) 

y' = (2.23b) 

z· = (2.23c) 

with Xl = sin J3n 
, ~l = - cos J3 ' II I = 0 , (2.24a) n 

~ = - sin a cos J3 ' ~2 = - sin a sin 13 Zl3 = - cos a (2.24b) , 
n n n n n 

and À3 = cos a cos 13 1 ~3 = cos a sin 13 ' v
3 = - sin a (2.24c) n n n n n 

Knowing the transformation coefficients, the coordinates of element s con be re
m 

ferred to the new system of axes . A point Q is chosen on the axis of element s 
m 

and its coordinates con be specified by Q (x , y, z) or Q (Xl, yi, Zl). If 

the distance from the origin of the new system (i.e. x
n

' y n' zn) to the point Q 

is defined by ri, it can be expressed either in the form 

-;:"l =T (x-x) +T (y-y) +T (y-z) 
x n y n z n 

(2.250) 

or =i Xl Xl +T +i yi yi Zl Zl 
(2.25b) 



Then the cylindrical radial distance is given by 

Thus the radial unit vector i • is given by 
o 

.... 
1 1 o 

= 
...,.. 
'x. Xl/p' 

or equivalently by, 

T. p 
= - i Zl 

.... 
+ 1 yi yi / o' 
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(2.26) 

(2.27a) 

(2.27b) 

Once the unit vectors il:' i (or T .) and Tiare described in terms of the unit 
<;> 17 z 0 

vectors i 1 T 1 i ,the fie Id component (Es) can be eva 1 uated by 
x y z n m 

(Es) 
n m + T~ . i 1 

" 
(2.28) 

where, once again, (Es) is the field at s due to the currenr on s The com-
n m m n 

ponents E:. and E~, , are to be determined using (2.17) and (2.18), respectively. 
m m 

When there are N > 2 neighbouring elements, the above procedure con 

be repeated. This will be illustrated by considering the four elements shown in Figure 

2.3. Consider the case where it is required to find the total field due to the four 

current elements inside and along the axis of 54' Then, with (2.20), the field at 



Figure 2.3. 

Q would be given by 

z 

-El - ---1--712 

o~ ______ ~~Y 12 
-El ___ ~1 

S, 

Four Arbitrarily Oriented Current Elements. 

3 

( E
S

4 ) 4 + I (E~) 4 

n=l 

27 

(2.29) 

where (E~) 4 will be the self-field, and (E~)4 represents the contribution from 

each of the neighbouring e lements, and is to be evaluated by (2.28). Thus for N 

arbitrarily oriented current elements, 011 assumed to be perfectly conducting and thin 

th 
cylindrical wires, the fjeld inside and along the axis of the m element con be ex-

pressed in the form 

= 

N-1 

+ \' (Es) 
L n m 

n=l 

n/m 

(2.30) 
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It should be noted that the point Q (x , y , z) at which E~ is to be 

evaluated has not yet been specified. This will be done after the numerical method 

for solving the approximate current values is outlined in the following section. 

2.3 Numerical Technique 

The numerical method used in this study is essenti"ally the generalized 

method of moments described by Harrington [20J, [21 J. However, the wire-grid 

analysis method was formulated earlier by Richmond [51 J without any recourse to the 

moment method, and the "network equations" for the unknown current distribution 

were established by Aharoni [1 J , Schelkunoff [2J, and Schelkunoff and Friis [58J, 

long before high-speed digital computers beca~e generally available. The numerical 

technique, however, contributes a firm mathematical foundation for the approximations 

needed to transform the integral equations into a system of algebraic equations similar 

to Kirchhoff's network equations. 

2.3.1 Generalized Moment Method 

Integro-differential or integral equations of the types of (2.5) or (2.10) 

con be formulated in the form [20 J 

l B (z) = h (z) (2.31) 

where l is defined as a linear integro-differential operator, B ( z) is the unknown 
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function or response, and h (z) is the known function or excitation. In general, 

B (z) and h (z) are complex functions. The first step in the moment method re-

quires an approximation of B (z) bya finite series of basis or expansion functions 

such that 

N 

B (z) ~ L bn fn (z) • 

n=l 

(2.32) 

The bis are undetermined coefficients, and the f (z) 's are independently defined 
n n 

over the domain of L 1 i.e. the space of functions on which L is defined and per-

mitted to operate. The function h (z) is said to be in the range of L, i.e., the 

spa ce of ail functi ons that L can generate by operati ng on B (z) The operator has 

been defined to be linear 1 and therefore it satisfies the condition 

(2.33) 

where a 1 ' a2 1 •••• Ok are constant coefficients. 

Thus if (2.32) is substituted into (2.31), the resulting relation would be 

N 

L b L f (z) ~ h (z) 
n n 

(2.34) 

h=l 

where L, because of (2.33), operates over each basis functi on. The approximate 

equality sign should be noted, because of the finite sum representation of B (z) as 
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indicated by (2.32). It is required that a residual error E (z) defined 

by 

N 

E (z) = L B (z) - l bn 
L f (z) 

n 
(2.35) 

n=l 

converges to zero as the number of basis functions tends to infinity. In practice, 

the summation in (2.32) is finite, and consequently the residual error will not be 

zero [21 J. In general, the f 's can be defined as being non-zero over the entire 
n 

domain of L, and in such cases they are referred to as entire-domain basis functions. 

However, in most applications, especially in wire antenna srudies, they are defined 

in the domain of L, but exist only over parts or subsections of the domain. Hence 

they are denoted sub-domain or piecewise bases. 

The next important step in the moment method is to intrOduce a set of 

weighting or testing functions W (z), and to de fi ne an inner product [59J 
m 

< W (z) , L f (z) > = < W (z) 1 h (z) > m m 

or in integral form, 

J W m (z) [L f (z) J * d z = l W m (z) h * (z) d z 

(2.360) 

(2.36b) 

where the asterisk denotes conjugation. Using (2.34), Equation (2.360) can be 

put i nto the form 

N 

l < W , Lf > b ~ < W ,h > 
m n n m 

(2.37) 

n=l 



where the coefficients b have been factored out by (2.33). Using network 
n 

equation notation (2.37) can be stated in matrix form 

[z ] [1 ] = [V ] 
mn n m 

where the "impedance" coefficient Z is given by 
mn 

Z = 
mn 

= 

and the Il voltage" V m 

V = 
m 

= 

< W m ' 
L f > 

n 

J W (z) 
m 

[Lf (z)]* 

by 

< W , h > 
m 

n 

J W
m 

(z) h* (z) dz 

The eolumn "eurrent" matrix [1 ] defined by 
n 

[1 ] = [b ] 
n n 

represents the unknown coefficients. 

dz 

Two special cases of the moment "method are 

fi) Galerkin's method in which the weighting funetions 

W are chosen from the same c1ass of basis functions, 
m 

i .e . , 
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(2.38) 

(2.39) 

(2.40) 

(2.41) 
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w (z) = f (z) m m (2.42) 

and 

(ii) The collocation or point-matching method in which 

the weighting functions are delta - functions, 

w (z) = 5 (z - z ) 
m m 

(2.43) 

which are applied at z = z m 
A distinction is usually made between collocation 

and point-matching methods [47J. In the former case, triangular, sinusoidal and 

polynomial functions can be employed, whereas in the latter only rectangular piece-

wise pulses are used as basis functions. 

The choice of basis functions depends on the compiexity of the problem 

and the degree of accuracy required. The functions commonly used as mentioned above 

in the analysis of wire antennas are the following three sub-domain approximations [56J: 

Rectangular Pulses: 

f = 
n 

b for z in A z 
n n 

o otherwise 

Triangular Functions: 

f = 
n 

b n (z n+ 1 - z) + b n+ 1 (z - zn ) 

Az 
n 

o otherwise 

for z in A z 
n 

(2.44) 

(2.45) 



Sinusoïdal Interpolation Functions : 

f = 
n 

al + b ' sin k (z - z ) + Cl cos k (z - z ) .. 
n n n n n 

o otherwise 

for z in Âz 
n 
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(2.46) 

ln Equations (2.44), (2.45) and (2.46), A z denotes the length of a current 
n 

element centred about z , and it is equivalent to the symbol s introduced earlier 
n n 

in the chapter. 

When the moment method is applied to equation formulation of the type in 

(2.14), l represents a combined integration-differentiation operation, 8 (z) is the 

element current distribution 1 (z) , and h (z) is the impressed field E
i along the 
z 

axis of each element. The approximations involved in the discretization process are 

discussed in the next section. 

2.3.2 Formulation of Network Equations 

The "network equations,a system of algebraic equations resulting from Pocklington's 

integral equations, are to be solved numerically for the current distribution on the arbi-

trary set of thin conducting cylinders as discussed in Section 2.2.2. The accuracy of 

the current values is directly related to the order of the basis functions. Higher order 

functions, for example triangular or sinusoidal functions, have been shown to yield 

better accuracy with faster convergence than the simple rectangular basis functi on [19] , 

[60]. Unfortunately the determination of the unknown coefficients in (2.45) or 

* A prime notation is used here to avoid confusion with b coefficients elsewhere. 
n 
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(2.46) is quite lengthy even for the simplest geometric shape - namely the straight 

wire antenna. * Consequently, in many applications, the general practice is to use 

pulse basis functions with impulse weighting functions. Such an approximate point-

matching method cannot be relied upon to give accurate near field or impedance 

values. Nevertheless, it has proved to give reasonably accurate radiation patterns 

if the condition s ~ 0.1 À is satisfied by the length of each current element [56J. 

The wire elements discussed in Section 2.2.2 could be small sections of 

one long straight or curved wire, or they could be sections of a number of closely 

arranged wires. Provided the radius of each e lement < < À, and its length ~ 0.1 À, 

then the current in the 5 th element can be approximated by 
n 

1 for t in s 
n n 

1 n (t) = 
o otherwise 

(2.47) 

Hence, 1 can be taken outside the integral sign in (2.14). Next the boundary 
n 

condition (2.19) must be matched at the centre point Q (x , y , z ). Thus 
m m m 

if E~ is substituted for E ~, then with E~ obtained from (2.28), the point-matching 

method would yield, with N neighbouring elements, the relations 

N 

\' Z' L mn 
n=l 

or in matrix notation, 

1 = - E
i 

n m 
(2.48a) 

* To iIIustrate the computat~onal complexities involved when higher order basic functions 
are used, additional details on the sinusoidal interpolation functions (see Equation (2.46» 

are given in Appendix A. 
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[ Z' ] [1 ] = [- Ei ] 
mn n m 

(2.48b) 

where 

Z' = (Tt' • T ,) E , + (T l: • T ,) E , 
mn ~ z z ~ p p 

(2.49) 

I,t should he noted that E , and E , are different * From ES 
z 0 z' 

s 
and E 0' , and 

are de fi ned by 

E , 
z 

= 

= 

ES /1 
z' n 

m 

ES /1 
0' n 
'm 

m 'm 

(2.50) 

(2.51) 

The subscripts z' , and D' refer to the axial and radial components of the electric 
m ' m 

field due to current element s at the z' and p' coordinates of Q (x ,y ,z ) 
n m m m m m 

with respect to the new coordinate system, centred at (x ,y , z ). More explicitly, 
n 'n n 

E , and E .' can be expressed, respectively, by 
z 0 

2 

E ' = z 

è G(z,t) 

'à z2 z = z' m 
+ k

2 
G (z' 

m 
t) ] d t 

41Tc.JE 
o 

* The symbols E • and E , used here follow Richmond's notations [51 J with 
z p 

the exception that in his case the E • and E • electric field components 
z p 

appear to correspond to ES 
z' 

m 
and ES o" used above in (2.50) and (2.51). 

'm 

(2.52) 



and 
sn/2 '02 G 

J [ (z, t) 
_.....:..-- -_-:....-:..-..:... 

4 1TIdE 
o 

'Oz ct 
,-sn~ 

0= 0 .. ml 

J d t 

36 

(2.53) 

where 0 1 and Zl will be expressed below in terms of angles of orientation and centre 
'm m 

coordinates of the current e lements. It is important to note that the integrations in both 

(2.52) and (2.53) are carried out with respect to the dummy variable t along the Zl 

(or 17 ) axis of element s • If the approximate kerne 1 of (2.15) is used, the inte
n 

gration in (2.53) con be evaluated analytically. For m '1 n 1 i.e. non-diagonal 

terms of Zl ,(2.52) has to be d(·rermined numerically, and it has been shown [56J 
mn 

that either a fifth or ninth order Newton-Cotes integration scheme [61 J would give good 

results. The choice between the fifth or ninth order is made depending on whether the 

distance between (x , y 1 Z ) and (x , y , z ) is greater or less than about 
n n n m m m 

five times the radius of element s 
n 

The self-impedance terms, i.e. the case when 

m = n, can be approximated by analytical integrations of finite series expansions, as 

described in Appendix C • 

The ZI .. impedance Il parameters of (2.52) are direct measures of the 
mn 

field interaction of elements sand s 
m n 

The following derivations will show how the y 

ore related to the angles of orientation (a , J3 ) and (a , J3 ), and their separa-m m n n 

tiondistances. Using (2.21) and (2.22) givesthedotproduct 

it- T = cos a cos J3 cos a cos J3 + cos a sin J3 cos a sin J3 
<;> TI m m n n m m n n 

(2.54) 

+ sin a sin a 
m n 
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To determine the product l ~ . TI' the unit vector T 1 has to be described more 
~ p p 

explicitly. From Equation (2.25a), the vector ri is given by 

? .... +T = 1 X Ymn x mn y 

where 

x = x -x 
n ' Ymn = 

mn m 

The cylindrical coordinates z' and 
m 

+ T z 
z mn 

Ym -Yn ' z = z - z 
mn m 

DI 
m ' are given by 

(2.55) 

n 
(2.56) 

Zl = X cos a cos \3 + y cos a sin \3 - z sin a (2.57) 
m mn n n mn n n mn n 

and 

p' = [17' 12 - z' 2 ] 1;2 
m m 

From (2.22), (2 • 27b) , (2.57) and (2.58), the unit vector i p' is given by 

i , = T (x - Zl cos a cos \3 ) / pl 
P X mn m n n m 

- Zl cos a sin \3 ) / D' m n n m 

+ i (z + z' sin a ) / pl 
Z mn m n m 

Therefore the dot product i ~ . i , gives 
o 

(2.58) 

(2.59) 
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cos a cos (3 ( x - z cos a cos A ) / P 1 m m mn ml n t"'n m 

+ cos a sin A (y - Zl cos a sin A ) / 0 m t"'m mn m n t"'n . ml (2.60) 

- sin a (z + Zl sin a ) / P m mn m n ml 

ln summary the non-diagonal Zl parameters can be expressed in terms of space co-
mn 

ordinates and angles of orientation of sand s 1 and also in terms of the values of m n 

EZ' and EpI as definedby (2.52) and (2.53) intheform: 

Zl = 
mn (E 1 - Zl E 1 / 0 1 

) (cos a cos (3 cos a cos (3 
z mpm m m n n 

(2.61) 

+ E 1 (x cos a cos (3 + y cos a sin (3 o mn m m mn m m 

- z sin a ) / pl 
mn m m 

This completes the formulation of the "network equations", and the problem that now 

remains is to determine how the [- E
i ] excitation matrix is to be filled. 
m 

2.4 Representation of the Source of Excitation 

As mentioned in the introductory outline of this study, one major area which 

has not been fully covered in previous wire-grid analysis applications is a computational 
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representation of an actual excitation source located on or near" a finite conducting 

surface. In the following discussion an appraisal of source fjeld representation for 

wire antennas is given and then the numerical evaluation of the source fields is formu

lated. 

2.4.1 Physical and Mathematical Models of the Field Source for Wire Antennas 

Very difficult and crucial questions that have been raised about the source 

in cylindrical antenna studies can be re-stated as follows : 

What is the source of radiation? Where exactly is it located? How can it be 

modeled mathematically? These problems have been considered by many antenna 

engineers and applied mathematicians, notably by Hallén [12], King [14], 

Schelkunoff [2], Infeld [62], Albert and Synge [17], and recently by Chen and 

Keller [63], King and Wu [64], and Otto [65J, [66J. The basic field con

siderations used for reference are usually the coaxial feed arrangement of Figure 2.4 (a) 

" or the balanced dipole feed shown in Figure (2.4 (b). An obvious observation is of 

course that the source is really a dielectric gap across which a time harmonic excita

tion voltage V exp (i (,) t) is maintained, V being the complex voltage amplitude, 

. and (,) is radian frequency. The general location of the source is also easily identi

fied. In the case of the coaxial feed, it is at" the base of the monopole, and in the 

symmetrical dipole case it must be between the arms of the antenna. 

"White higher modes may also exist [65J, the principal excitation wave 
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in both types of gaps is a TEM-mode. Thus the mathematical model for both an-

tennas * is usually the well-known delta-gap model (Figure 2.5) which is used in 

evaluating current distribution, input impedance, and near and far fields. The delta-

gap model, which assumes an infinitesimal gap of width 2 g across which the voltage 

V is maintained, has greatly influenced the theoretical analysis of Iinear antennas. 

The representation was first introduced by Hallén to simplify the formulation of his in-

gral equation for the centre-fed dipole by imposing on the impressed field the condition 

* It is assumed that the conducting plane against which the monopole is fed, is in-

finitely large, and hence an image of the monopole is formed below the plane 

as indicated in Figure 2.5 (a). 
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Figure 2.5. Delta-Gap Generator Models for (a) Base-Fed Monopole, 
(b) Centre-Fed Dipole. (Note: Source Region Expanded 
to show details of Modeling). 

- V S (z) 1 z 1 < 9 

o 9 < 1 z Il 

41 

(2.62) 

That is, the impressed electric field is zero on the surface of the perfectly conducting 

antenna except across the infinitesimal gap at the feed point. It can be easily seen 

that the simplifications made to arrive at this mathematical model are drastic, and yet 

the idealized approximations have proved to be effective and extremely useful • 

Despite its immense success, especially in the hands of King and his re-

search associates [14J, [64 J, the delta-gap generator has been criticized on many 

occasions, mainly on physical grounds. One persistent doubt has been raised about the 

fact that a very narrow gap idealization, besides being artificial, leads to zero impedance 
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or infinite admittance values. To clear this difficulty, a number of different assump-

tions and formulations have been tried. In Schelkunoff's work [2], the source was 

treated as a singularity enclosed within a spherical aperture of smalt radius as indicated 

in Figure 1 (c). This fitted very weil with his conical theory of antennas, but the 

associated mathematics was very complex. Perhaps the only working model which has 

come to be regarded as an alternative to the delta - gap model, especialty in recent 

computational applications, is the magnetic fri" source shown in Figure 2.6 (a) • This 

model was proposed by Albert and Synge [17] to represent the coaxial feed of Figure 

2.4 (a). They also argued that in the case of the center - fed dipole, a more accurate 

model would be the finite width gap of Figure 2.6 (b) • 

Fri Il Finite-Width 
1 V Gap , 

(0) M.ognetic rrill SO\JrCF~ (h) Fhltf' -W:d~~ 

Figure 2.6. Alternative Mathematical Models of Antenna Feeds. 
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For a delta - gap source, they observed, with the electric field along 

the surface of the antenna being almost everywhere zero, the existence of radiation 

could not be explained. To avoid this difficulty, the inclusion of an actual gap of 

finite width was therefore recommended. Similar observations have been made by 

Infeld [62J, and Chen and Keller [63J. In defining the approximate gap width, 

Albert and Synge postulated the condition, 

wave length > > length of gap > > radius of antenna . 

The requirement .. length of gap > > radius of antenna" is somewhat stringent , but 

on the whole the finite - width gap and the frill model are nearer to physical situations 

than the idealized delta - gap model. Mathematically, the frill excitation source is 

a radial electric field given by [65J 

= 

v 
b ' pl ln (_ ) 
a 

o , 

a < pl < b 

(2.63) 

where V is the voltage amplitude, a and b are the inner and outer radii of the frill 

as shown in Figure 2.7. 
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z 
P (0, <D, z) 

Figure 2.7. Details of the Fri Il Source. 

Equivalently, from the relationship [35J 

M = E x n (2.64) 

where M is magnetic surface current density and n is a unit vector normal ta the 

plane of the frill, the source can be put in the form 

v < 0 1 < b ob , a 

Mi 
r:J ln -a 

tf11= (2.65) 

0 , DI > b 

The field equations can be formulated using either (2.63), or (2.64) as the excita-

tian source. 

Other recent investigations have tended ta establish the equivalence of the 

frill and delta - gap models [67J, [68J. Still the basic feature of the various models 

remains essentially the same: the source of radiation in wire antennas is the large elec-



45 

tric field (or equivalently, magnetic surface current) that is excited in the gap ir

respective of whether it is assumed to be a frill, or a cir~umferential gap of finite 

width. On the surface of the perfectly conducting antenna, the same boundary con

ditions are postulated, and in the far field, the same radiation relationships are assum"ed. 

Consequently, the derived solutions give close agreement in predicting basic antenna 

characteristics and patterns. 

The above brief summary of the mathematical representation of the source 

of electromagnetic radiation fields in linear antennas is not intended to be exhaustive 

and complete, nor is it intended. to verify thedifferent methods of highly involved mathe

matical formulations and derivations. It provides a firm perspective for the computational 

source models used in this work. It will be seen in the next section that modified ver

sions of the finite-width gap or frill mode 1 can represent the source adequately for far 

field pattern computations. 

2.4.2 Computational Source Models 

ln seeking computational source models, the essential objective is to evalu

ate numerically the source terms on the right hand side of (2.48b) or for an equivalent 

form to be derived below. With reference to.Figure 2.8, the problem can be stated in 

two parts: 

(a) Given a balanced dipole antenna mounted ~ an arbi

trary conducting surface, how can the excitation field be 

determined ? 



(b) Given a coaxially-fed wire antenna mounted on an 

arbitrary str-Jcture what source representation is ade

quate for far field computations ? 

ln both types of feed-orrangements, the radiating structures have 
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finite electrical dimensions, and consequently image theory methods cannot be applied 

directly. Instead, the source models in Figure 2.8 are postulated. The model for 

the balanced dipole seems obvious, and the only point to be stressed is that it is a gap 

with finite width. On the other hand, the representations of the coaxial feed cannot 

be explained simply. A possible justification for the frill model is that, intuitively, 

it appears to be a nearer approximation to the actual source as in the case of an infinite 

plane structure. To justify the axial gap mode 1 , one has to resort probably to Schel

kunoff's contention that the source of TEM and TM waves in Iinear antennas is a 

"spherical input boundary" of small radius concentrated around the feed point [2J . 

This suggests that the radial electric fjeld can be approximated by an equivalent axial 

field within the radius of the "input boundary". However, the only strong justifica

tion for the finite width gap in place of the frill appears at this stage to depend mainly 

on its usefulness. Within computational accuracy, it predicts the far field patterns 

that would be obtained with a frill source model as demonstrated in Chapter III where 

current values computed with the two excitation representations are compared. 

Having proposed the required models, attention can now be given to 

the numerical procedures. The frill source will be considered first. If the magnetic 

current density M in (2.64) is known, then the electrical vector potential F is 

given by [35J 
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where r 

~o 
-i kro 

F II M e d SI = 
41r Frill 

r 
0 

Surface 

0 
with reference to Figure 2.7 is give.n by 

r = Jz2+rl+p,2-2pp'cos(rp-rp') 
o 
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(2.66) 

(2.67) 

The primes indicate the source coordinates, and the observation point is at (p, rp , z) . 

To simplify the derivations, it is assumed, without 1055 of generality, that the frill is 

centred at the origin of the coordinate system in, Figure '2.3 . Since M has only 

one component, MI' F also has an F component, and from axial symmetry, F 
rp rp. ~ 

will be independent of rp. Thus the observation point can be taken in the x - z 

plane, and from (2.66) 1 

b 21r -i kro r J .- V e ( ____ ) cos rpl d rpl d pl 
ua 0 ln (b/a) ro 

(2.68) 

The electric field E is re lated to F by [35] 

E 
1 

'V x F = 
E 

(2.69) 
0 

and hence 

-i 
i E

i 
i E i E = + z z p p (2.70) 

where 



and 

1 
= ---

1 
E o 

E 
o 

1 
P 

a 
d'Z (Fcp) 

The excitation column in (2.48b) can now be determined from 

i - -i E = i . E 
m ~ 
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(2.71) 

(2.72) 

(2.73) 

where T~, as defined by (2.21) is a unit vector parallel to the direction of current 

flow in element s , and (2.71) and (2.72) are evaluated ot the centre of s • 
m m 

It can be shown that the expression of F in (2.68) involves the determination of a cp 

complete elliptical integral of the first kind [55J, [56J. The integrations and dif-

ferentiations can readily be carried out numerically, and further details of derivations 

and analytical approximations are outlined in Appendix B. 

The corresponding formulations for the finite-width gap involve much less 

computation. To begin with, the boundary conditions on the impressed field for the 

source model of Figure 2.8 (a), can be stated in the form 

V 1 z 1 <: Tg , 9 

Ei = (2.74) 
z 

0 , 1 z 1 > 9 

· \ 
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and for the axial-gap model of Figure 2.8 (b) by 

v 0 < z < 2g 
2g 

, 

E
i 

= (2.75) 
z 0 z > 2g , 

ln each case, 2 g is the total gap width • The only difference between (2.62) 

and (2.74) is that instead of an impulse function impressed over a delta-gap, 

there is now a uniform field over the finite-width gap. 

Suppose now that the excitation gap is surrounded bya number of cylin-

drical current elements. The gap can be considered as a typical current element over 

which current is flowing, and at whose centre the boundary condition postulated by 

(2.12) is also to be satisfied. First, from (2.75), pr,?vided the gap width 2 g s; 0.1 ~, 

the relationship 

over source element 

v= (2.76) 

o ail other elements 

is obtained. 
th 

To generalize this result, if the m element of length s is taken 
m 

and if (2.45a) is multiplied by - s , then m 

N 
\' 
L. 

n=l 

where 

Z 1 = Vi 
mn n m 

(2.77) 
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z = (-s ) Z' 
mn m mn (2.78) 

Z' has been defined previously, and 
mn 

= ( - s ) E
Î 

m m (2.79) 

If the total number of current elements including the source gap is N, and if the 

excitation "element" Îs identified as the Ith element, then (2.76), (2.77) and 

(2.79) yield the N by N matrix * 

[Z J [1 J = [Vi] 
mn n m (2.80) 

where 

o 

= 1 I th 
row (2.81 ) 

o 

and the excitation voltage has been normalized to 1 volt. Equation (2.81) states 

that the excitation voltage is zero at the centre of eve~'element except the !th ele

ment across which a uniform field is impressed. This type oF approximation was first 

* Only square coefficient matrices have been considered in this work. 
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shown by Harrington [20J to yield good results for current distribution computations 

on straight wire antennas" ,..... However, as far as the author could determine, 

this is the first time that the method has been extended to arbitrary three dimensional 

structures. 

.. 
Thus two approximate but alternative methods are available for determin-

ing the excitation fields, without which the element current distributions cannot be 

determined. Most of the computations made in this study have been based on the finite-

width gap source model. Although programming and computational details have yet to 

be outlined, it is easy to see that (2.81) is simpler to handle than (2.73), because 

the latter requires separate subprograms for integrati on and differentiation. However, 

it appears that the frill representation is probably more accurate than the artificially in-

troduced gap with finite width [56J • 

2.5 Radiation Fields 

Once the current distribution on a given system of N neighbouring current 

elements is kn.owri, the radiated far field can be evaluated bya simple superposition of 

.. Mei [18J bypassed the problem of source modeling, since he applied the collocation 

method to Hallé'n's integralequation directly. popovié [22J also essentially fol-

lowed a similar procedure except that in his method the antenna current distribution is 

approximated by 'entire-domain' polynomials. 

.... One other noteworthy attempt has been made by Thiele [24J to mod~1 the excitation source 

of a Iinear antenna by means of a current generator. However, this formulation suffers 

from a basic disadvantage in that it cannot be used easily to determine input impedance. 
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contributions from each element. Consider the element s (with s s; 0.1 À) 
m m 

shown in Figure 2.9. 

Figure 2.9. Coordinate System for Radiation Field of Current Element s 
m 

The thin element is uniquely specified by the already defined parameters : 

length s , coordinates x , y , z , and angles of orientation a and 13 • 
m m m m m m 

Let the constant current distribution be 1 
m 

tion point is 

A = 
m i ~ A m 

JJo 
1 
m = 

s 
m 

i ~ 4 11' rI 
0 

Then the vector potential at the observa-

- i k rI (2.82) 
0 

e 

where the unit vector T ~ is in the direction of current flow, and Ilas been defined 

by (2.21), and 
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ri 
o 

= 
2 

[(x-x) 
m 

(2.83) 

If the rectangular coordinates (x, y , z) are expressed in terms of the spherical 

coordinates (r, 9, cp), then 

ri ~ r [1 - .!. (x sin 9 cos cp + y sin 9 sin cp + z cos 9) ] 1/.2 
o r m m m 

(2.84) 

~ r - (x sin 9 cos cp + y sin 9 sin cp + z cos 9) 
m m m 

(2.85) 

For the denominator of (2.82), following Schelkunoffls formulation [69] , 

the standard far field approximation is to set ri ~ r ; for the phase exponential , 
o 

however, the more complete expression given in (2.85) is retained,· because the phase 

changes involved can be significantly large. Hence, the far field vector potential 

takes the form 

A = A 
m i~ m (2.86) 

(2.8) . 

1 s - i kr i k [x sin 9 cos cp + y sin 9 sin cp + z 
~ i ~ 

m m m m m 

"'0 e e 
4 1T r 

The electric field hos been expressed in terms of the vector potential by 

Becouse of 1 /? dependence, the compone nt - i Cal ( 'il ('il • A» / k
2 

cos 9] 
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is mainly localized in the near field region, and it can therefore be neglected in the 

far field region. Thus the radiation field is given by 

E ~ -j,.,A 
m m (2.87) 

This field can be resolved into two components such that 

Ë = Te Ee + i E 
m CD CD 

(2.88) 
m m 

where 

Ee 
'T' . 

i~ (-j,.,A ) = le m 
m 

(2.89) 

E = i . 
i ~ (-jCdA) 

CPm cp m 
(2.90) 

and i e ' i are spherical unit vectors given by the transformations 
cp 

ie = i cos e cos cp + i cos e sin cp - i sin e 
x y z 

(2.91) 

and 

i = - T sin cp + i cos cp cp x y 
(2.92) 

Thus the total radiated field due to N neighbouring current elements will have an 

E e compone nt of the form 



N 

-jc.t l 
n=-l 

( cos 9 cos cp cos a cos J3 
m m 

+ cos 9 sin cp cos a sin J3 
m m 

+ sin 9 sin a ) A 
m m 

and an E component of the form 
cp 

N 

'\ (sin cp cos a cos J3 - cos cp cos a sin J3 ) A L m m m m m 
n=l 
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(2.93) 

(2.94) 

ln general E 9 and E cp are not in phase 

polarized. 

i.e., the radiation field is elliptically 

It is important to emphasize an observation made earlier about the location 

of the current elements. They could be smalt sections of an arbitrarily shaped thin wire, 

or they could be iust short wire elements distributed in some fashion over a three-

dimensional configuration, and as stated in the introductory chapter, the nature of their 

distribution forms one of the basic problems of this study. 

ln summary, this chapter outlines the integral equation formulation and 

numerical methods for transforming these equations into a system of network equations. 

Physical and mathematical models of coaxialty-fed sources have been discussed and the 

general expressions for the radiation fields de~cribed. The material as a whole forms 

a more complete basis for the wire-grid analysis method for radiating bodies with con-

tinuous surfaces, or with wire-grid structures. It is claimed to be more complete because 

- 1 
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a solution to the problem of excitation source representation has been proposed 

without any recourse to such methods as image theory or the use of the specialized 

delta-gap model. In the next chapter 1 the technique is applied to specifie antenna 

systems for which the wire-grid model process and computer programming details are 

described. 
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CHAPTER III 

WIRE-GRID ANAL YSIS OF WIRE ANTENNAS 

NEAR CONDUCTING BODIES 

3. l Introduction 

The task of this chapter is to apply the "network" equation formulations 

just presented to wire antennas mounted near finite conducting bodies which, as men

tioned earlier, may be continuous surfaces or thin wire structures. The main emphasis 

is laid, however, on continuous surfaces. In formulating the equation, it is assumed 

that each element is uniquely specified by its dimension parameters and space coordi-

nates with respect to a fixed reference system. It is also assumed that the current flow 

direction in each wire element is pre -assigned. The problem therefore is to attempt re

lating the current elements to the actual i.nduced or impressed surface current distribution 

on a given conducting body excited by a nearby wire antenna. Specifically, the aim is 

to replace the continuous surface bya thin wire structure, not arbitrarily, but by following 

intuitive, heuristic but physicall'y valid procedures. The resulting wire model segmented 

into smalt elemen1~· then allows the derivation of specific "network ll equations. The equa

tions are then solved for the approximate current distribution on the continuOllS body which 

is simulated by the wire model. The chapter is divided into four major topics, nClrnely: 

(i) Basic Wire-Grid Modeling and Analysis, 

(ii) programming Aspects of Current Distribution Computations, 

(iii) Application to Simple Radiating Surfaces, and 

(iv) Application to a number of increasingly more complex thin wire 

structures, commencing with a radial dipole on a cylinder and 

progressing to a dipole on a helicopter tail section. 

The surfaces studied in this work are assumed to be perfectly conducting. Considerable 

effort is made to justify the models used by resorting to physical considerations of source -

feed arrangement and the shape of each antenna structure. One major objective of the 

segmentation schemes in the case of the simple radiating structures is to improve the pro-

"\ 
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gramming efficiency by exploiting the symmetry of the radiating body. Only the 

current distributions are considered here and the resulting radiation patterns are dis

cussed in Chapter V • 

3.2 Basic Wire-"Grid Modeling and Analysis of a Conducting Body 

with a Wire Antenna near as Vicinity 

3.2.1 Problem Formulation 

The use of wire-grids or meshes in place of metal plates or surfaces has been 

known for quite a long time in antenna engineering design. In the case of the corner 

reflector antenna, extended reflecting sheets that would be normally used are replaced 

by parasitic conducting rods. Another standard design procedure is the replacement of 

a conducting disk by a grid of radial wires for a 'ground plane l antenna. Similarly the 

conducting ground planes of broadcast tower antennas are normally constructed from 1 

mesh of buried coppel" conductors [10J. Not only are these practices well-established, 

but they also have good theoretical and experimental basis. For example, Maley and 

King [70J have made a theoretical-experimental study to support design criteria for ra

diai wires. Kraus [30 J and Moulin [31] have been able to derive design parameters 

for the corner reflector antenna from theoretical-experimental investigations. In general, 

grids or meshes have heen found to act essentially the same as the continuous metal sur

faces which they replace, without significant alteration to the results provided that the 

mesh gauge is small relative to the wavelength used. Thus the basic problem, as fcir as 

this work is concerned is not whether wire grids can be substituted for conducting sur

faces, but whether the wire-grid modeling method can be formalized to simple rules or 

procedures. Such procedures would make the technique applicable to any arbitrary wire 

antenna in the vicinity of any conducting body while making the wire grid model as simple 

as possible in order to make it amenable to computational techniques. Therefore to formu

late the problem more broadly, the following four questions are considered : 

(a) Given a continuous conducting surfacé with a wire antenna mounted 

near its surface, how should its wire-grid model he established ? 

--" 



(b) For a given thin wire structure which may have been obtained 

by modeling a continuous surface, or which may already be in 

a grid form, how are the one-dimensional integral equation 

formulations and the derived IInetwork Il equations applif~d '1 

(c) How significant is the thinness of the wires in a given model '1 

(d) Are there direct or indirect criteria for establishing whether 

the wire-grid model is IIcorrect ll or not ? 
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It will be shown that the answer to question (a) hinges on an intuitive apprtlisal of the 

physics of the particular antenna problem. The answer t.o question (b) involves essen

tially known techniques, but more emphasis is laid on how it can be related to the first 

and third questions. The question of the thinness of wires used in grid modeling has not 

been fully considered in recent computational works. Its influence is first qualitatively 

established, and then later verified in Section 3.4 by examining computed current dis

tributions for a simple structure. The final question implies one of the following three 

possibilities: (i) knowing beforehand what the 'correce model should be, (ii) going 

through a trial computational procedure to arrive at the final model, and (iii) working 

from experimcntally measured radiation patterns for the continuous surface and / or its 

wire-grid mode\. The third possibility has been found to be very important to this study, 

and it will be examined later. Here it will be indicated that it is still difficult to formu

late precise rules which would lead to a final 'correct' model. Still, it is possible to 

set heuristic guidelines based on source location and antenna configuration. 

A fifth question can also be raised. How are currents at the junctions in a 

wire-grid model to be handled? This problem is not considered in this investigation be

cause of the greatly increased cc;>mplexity which would be added to the computational 

procedures ~ A possible approach to this problem however might be based on a method 

proposed by Schelkunoff and Friis [ssJ, which attempts to satisfy Kirchhoff's junction 

law and assumes a continuous potential distribution. 

The remainder of this thesis shows how the above questions can be approached, 

and the results suggest the degree to which they can be answered at this stage of develop-

ment. 

-\ 
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3.2.2 Stationary Unes of Flow and Wire Grid Modeling 

ln Figure 3.1 are shown three general cases of antenna mountings and 

conducting surfaces which are representative of the structures investigated in this 

work. Figure 3~ 1 (a) illustrates an antenna near an arbitrarily shaped thick cylinder;* 

in Figure 3.1 (b) is a monopole centrally located on an essentially symmetrical shape; 

and Figure 3.1 (c) represents a radial dipole mounted on an arbitrarily shaped cylinder 

in an unsymmetrical manner. In each case, the dotted lines suggest the directions of 

flow for the induced (Figure 3.1 (a» , or impressed surface currents. If it is assumed 

that the surface current at any point can change in value, (i.e. depending on the 

strength of excitation) but not in the path along which it flows, then such lines may be 

described as stationar)' lines of flow [1]. This concept of stationary lines is central to 

the wire-grid analysis method as applied in ~his study. 

The important question is how to establish these stationary flow lines. Here 

one might rely on a heuristic approach by resorting to the wave function type of solutions 

that would be obtained by classical methods. For time harmonic fields, the usual formu

lation of the partial differential equations derived from Maxwell's equations can be made 

in terms of the Hertz potentials 'II' which are written in the form [40], [71] 

'17
2 1i + k

2 1i = - i / i t.) e o 
(3.1 ) 

where Ji is the impressed current density. Each vector component of (3.1) is then 

treated as a scalar Helmholtz wave equation for which solution!;, when permitted by the 

surface geometry, are found by separation of variables. This is followed by derivation 

of the e lectric field Ë and magnetic field Fi from the relations 

and 

* 

Ë = t.) 
2 

Il e ïi + V ( V • if) (3.2) 

(3.3) 

By a "thick cylinder" is meant here a circumference of the order of O. l x 'II' 

wavelength at any sectional plane [67] . 
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If Ë and H are known just outside the conducting surfaces of Figure 3. l, then, in 

princip le , the surface current density r can be determined by imposing the tangentia 1 
s 

boundary conditions 

n x Ë = 0 (3.4) 

and 

n x Fi = r 
s 

(3.5) 

where n is a normal unit vector directed outwardly from the surface. * ln practice, the 

main difficulty is thot most conductor surface geometries, even if regular, are such that 

the bOl:ndary condÏi:;.;I~ (3.4) and (3.5) cannot be matched directly to the possible se

parable s",I..:;')11s of scalar wave equations. Fortunately, the direction of J can be 
5 

deduc .. ,d for many situations without undergoing the difficult formai solutions byexamining 

carefully the feed arrangement, the antenna structure, and the polarization of the impressed 

or radiated fields. Going back to Figure 3.1 (a), the stationary Iines are indicated in the 

general direction of the dipole field polarization, whereas for Figure 3.1 (b), the lines are 

shown to be essentially radial. However, it is to be noted that in Figure 3.1 (c) crossed 

stationary lines are postulated. It is well-known that cylindrical conductors with radial 

dipoles near their surfaces give rise to elliptically polarized radiation patterns [40]. This 

fact therefore suggests that the surface current density on the cylinder in Figure 3.1 (c) 

must have different vectorial components, and hence the need to assign to this particular 

configuration orthogonal stationary flow lines. 

Despite the stated reasons for the chosen distribution of stationary lines of flow 

in the above threc examples, it must be pointed out that these cannot possibly coyer ail 

* ln determining experimentally the current distribution on aircraft structures, 

Granger and Morita [43] measured the magne tic field H by mounting an 

exploring loop near the conductor surface, and then by (3.5), the y were 

able to obtain maps of current distribution. It should also be mentioned that 

the data was interpreted qualitatively using results obtained from quasi, static 

arguments which are somewhat similar to the concept of stationary lines of f1ow. 
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eases of wire antennas near eonducting surfaces. In fa ct , it should be mentioned that 

their choice is dictated by the types of specifie structures which are to be discussed in 

Sections 3.4 and 3.5 below. Nevertheless, the basic steps would remain essentially 

the same, except that other problems might contain increasingly greater complexity. 

The main observation, whether one uses mathematical analysis <:>r depends on a heuristic 

process, is that the orientation and distribution of the stationary lines of flow should 

serve as the point of departure for wire-grid modeling of any antenna system. 

3.2.3 Wire-Grid Modeling and Analysis 

The method of wire-grid analysis as used in this work follows generally known 

techniques. However, two important fundamental aspects are emphasized here for the 

first time. One refers to the excitation source representation, which has already been 

considered in the previous chapter. The second relates the location of the thin wires 

directly to the distribution of stationary lines of flow on the conduding body, as was con

cluded above. The thin wires, which may be straight or curved depending on whet-her 

the stationary lines of flow are straight or curved, are then segmented into small elements 

whose orientation is established fre'n the lines cf flow, and whose normalized coordinates 

fi .e. with respect to wavelength) are defined with reference to a chosen system of axes • 

The standard segmentation scheme for straight wires is simply to make equal lengths, but 

in certain cases it may be convenient to vary the segment lengths depending on the location 

of the wire members with respect to the feed region. Curved wires are first divided into 

smalt arcs, and then the arcs are approximated by chords. For simple surfaces of revolu

tion, the whole segmentation scheme can be handled bya subroutine. On the other hand, 

for an arbitrary structure it may not .be so easy to generate the segments, and it may there

fore be required that coordinate data be supplied. This has to be done especially for 

arbitrary structures that are already in wire grid form. In the end, each wire element has 

to be specified by the parameters introduced in Chapter Il, namely: its centre coordi

nates, its length and radius, and its angle of orientation. 

ln the integral equation formulation, it was assumed that the element length 

s was smaller than a wavelength, and its radius a was much smaller than a wavelength. 

., 
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The more specifie conditions 

a < < À or k a < < 1 (3.6) 

and 

2 a < s ~ 0.1 À (3.7) 

are ncm stated. But it should be pointed out that the grid wires are not necessarily· 

restricted to be of circular cross section. Possible examples are wires with elliptical 

cross section or fiat strips. King [14J has shown that if an arbitrary wire has a maxi

mum cross-sectional dimension of 2 u 1 and length s satisfying the conditions 

k u < < 1 

and 

2 u < s ~ 0.1 À 

then it can be treated as a cylindrical wire of equivalent radius a and length s • 
e 

For the fiat strip of Figure 3.2 (a) 1 the equivalent radius a is given by 
e 

a = W /4 e 

where W is the width of the strip. 

Figure 3.2. 

f 
5 2a.=W/2 

l 

Equivalent Circular Wire of Radius a 
e. 

for a Flat Strip of Width W. 

(3.8a) 

(3.8b) 

(3.9) 
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ln the experimental part of this study, both wires with circular cross sec

tion and fiat strips have been used in constructing wire-grid models, and hence the 

technique was applied to either type or a combination of both types of structures. It 

weil may be argued that a fiat strip is the more meaningful wire element to use when 

the modeling attempts to represent a surface situation. This argument, however, might 

necessitate the re-examination of the assu":,ption made at the very beginning that the 

current distribution is uniform around the circumference of the wire element. This would 

particularly affect the formulation of the kernel of the integral equation in (2.14). 

3.2.4 Significance of Wire Radius Parameter in Wire-Grid Modeling 

The significance of the element length s has been emphasized ·in the deri

vation of the network equations in Section 2~3.2, and also by condition (3.7). It has 

been pointed out that because of computational difficulties, one is forced to consider 

only pulse - type basis functions. This would yield current distributions that are accurate 

enough for radiation pattern compututions, but perhaps not for near field or impedance 

evalua:ions. The next que~lion that arises is whether the wire thinness would also have 

much influence on the computed current distributions, and hence on the radiation pat

terns. In replacing a continuous surface by wire grids, one tends to assume that the wires, 

which are put on the stationary lines of flow, must be vanishingly thin. Certainly (3.6) 

and (3.7) have to be satisfied for each wire ele~ent in a given model, for otherwise the 

one-dimensional integral equations of (2.1) and (2.2) would not be valid [14], [72] . 

But in formulating, the electric field integral equations (2.17) and (2.18) and then in 

de riving the system of algebraic equations (2.77) for the unknown current distributions, 

it was stipulated that the tangential electric boundary condition was to be matched along 

the axis of each element. It was also assumed that the current would be uniform around 

the circumference of each wire element. Thus the wire radius, or the equivalent wire 

radius in the case of fiat filaments or strips, from purely physical arguments, should be 

expected to affect the results of the wire modeling. 

Assuming that it does, one is then led to ask why or how. In the recent 

discussions of numerical techniques in the literature, except in the case of the straight 
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wire antenna (73J', the influence of the wire radius has not received detailed study. 

However, it~ significance has been established experimentally and theoretically by 

Moullin [31 J for wire-grid models of some conducting surfaces. He showed that the 

effectiveness of a grid of parasitic rods replacing metallic reflectors depended, in addi

tion to the number of rods and their spacings, on critical values of the diameters of the 

rods. 

tion of 

[Z ] 
mn 

With this background, the influence of the wire radius on the numerical evalua

(2.48b) and (2.77) was investigated. The impedance matrices [Z' ] and 
mn 

are diagonally dominated by the self-impedance elements [18 J. These terms 

being functions of the wire radius parameter are strongly affected by the value of a 

chosen, both in their real and imaginary parts. A strong dependence on a is thus to be 

expected. 

Looking ahead to the experimental part of this study, it should be stressed 

that this awareness of the influence of the radius parametcr was reached only after repeated 

computations failed to match adequately weil with measured patterns. Current distribu

tions computed for one of the simple grid models for different radius values will he examined 

in Section 3.4. It will be indicated there how the results have been interpreted for 

specifying the wire radii of an arbitrary thin wire structure for current computations. 

3.2.5 Accuracyof Modeling 

The fourth important question is whether the wire-grid representation used in 

a current (and pattern) computation is actually a 'correct' model, and also whether the 

number of elements obtained by segmentation is adequate. By a 'correct' mode 1 is meant 

here that the distribution and number of wire segments have been chosen to give as accurate 

results as possible. Obviously the question is directly related to the three previous questions 

in the problem formulation set. Since the 'correct' mode l, cannot in general be known be

forehand, it implies that either one has to proceed through an iterative process until conver

gence in current values or preferably in radiation pattern is achieved, or else one has to 

depend on experimental results for reference. While measu'ed patterns are indeed the best 

tests for accuracy, the problem is of course that they are not always readily obtainable. 

Besides, the desired aim is to arrive at reasonably accurate patterns by wire grid analysis 

._-, 
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without resorting to scaled model or full scale measurements. However, from the com

putationol point of view, an iterative procedure would be unnecessarily expensive. It 

is here that a fundamental set of "canonic Il rules would be extremely useful. If such 

rules were available, they could be applied both in the modeling and segmenting pro

cedures. As yet unfortunately, it has not been possible to formulate such rules precisely. 

ln similar related studies, practical figures of merit have been derived to 

serve as guidelines for determining the necessary grid wires and their spacing. In desigl'}

ing wire-grid lenses, Tanner and Andreasen [74] have calculated values for the ratio of 

square root of surface area to wavelength • More closely related to the problem at hand, 

Miller and others [52] have evaluated, from extensive scattering studies the sizes of 

wire grid openings which would adequately model radar cross sections of solid conducting 

surfaces. In a recent appraisal, Miller and others [75] have concluded however, that 

it is impossible to establish a complete set of guidelines for the modeling or segmentation 

requirements of an arbitrary conducting ,body. While the results of the present study as 

will be shown seem to suggest that there might be a set of "canonic" rufes, still it .should 

be stated that the fundamental approach has been largely intuitive and based essentially on 

heuristic arguments. One general observation that appears to be evident for the parti cu

lar radiating surfaces studied is to put as many segments as possible near the source area. 
"ot 

Although"applied to ail the structures studied, it also appears that more segments might be 

placed on the side facing the wire antenna than on the "shadow Il area of the conducting 

surface. 

ln seeking an accurate wire grid mode 1, it should also be remembered that the 

segmentation is to be made as simple as possible. If the desired 'correct' mode 1 is more 

refined, then a relatively complex segmentation subprogram has to be prepared. Thus 

quite often a compromise has to be made between programming simplicity, and the need for 

more accurate wire grid modeling requirements. In summary, such a compromise would 

necessarily have to depend on simple heuristic approaches, depending on the antenna con

figuration and on experience. 

.' '1 
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3.3. Computation of Current Distributions: Basic Programming Aspects 

3.3.1 Flow Chart of Current Computation Program 

The organization of the basic program for the computation of current dis

tribution on a given wire grid structure is shown in Figure 3.3. The program has been 

adopted from Thiele's work [56] with some minor and major changes. Blocks with (*) 

marks have been retained essentially in the same form as in Thiele's program. Blocks 

with (* *) marks have either been modified to suit particular applications or have been 

added and extended. Those blocks in double frame have been newly developed to handle 

structures that have not been solved previously by wire modeling method. The dimension 

list consists of both complex (impedance and current distributions) and real arrays. 

Generally, the segmentation subprogram reads in space coordinates in length units (e.g. 

centimeters), and these are then normalized with respect to wavelength. For simple 

geometries, the segmentations are carried inside the subprograms using a few data inputs, 

e .g. number of segments, wire antenna lengths and wire diameters. 

The choice of source model can be made using two IF statements ; one IF 

leads to the evaluation of either the [Zl ] of (2.48b) or the [Z ] of (2.77) • 
mn mn 

The other IF statement selects, for the source column, either the impressed voltages of 

[V i ] in (2.80) or the impressed electric fields at the points of matching. The latter 
m . 

column, i.e. the Elof (2.73), are computed from the magnetic frill source mode\. A 
m 

Gaussian elimination scheme which can handle systems of equations with complex coefficients 

has been adopted from McCracken [76]. Because the impedance [ZI ] or [Z ] 
mn mn 

matrices are characterized by large self-impedance terms as mentioned above, the elimina-

tion scheme used pivots directly on the diagonal elements without any further search for 

positioning [61] . 

The excitation voltage in both source representations is set at one volt, and 

the computed current output is in amperes per volt. Further detai Is on the computational 

structuring followéd will emerge in the applications. 

3.3.2 Validity and Accuracy Test 

It will be shown (Chapter V) that the soundness of the computed patterns 

in this study has been established for most cases by comparison with measured or known 
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patterns. ·It has already been pointed out that the significance of the wire radius para

meter hqs been suggested by the experimental results. However, before being used in 

thîs study, some of the basic programming routines had to be tested. The two outstand

ing routines are the Gaussian elimination subprogram that is referred in Figure 3.3 and 

the source modeling representations discussed earlier. The va li dit Y and accuracy of their 

use was tested by computing current distributions on centre-fed dipole antennas by the 

moment method using sinusoidal basis functions. Both s·ource models (i.e. the finite

width gap and the magnetic frill) have been attempted, and computed current values 

have .been found to agree with known resuits. 

As to the accuracy or rather the precision of computation, test runs have shown 

that Single Precision (SP) computations are sufficient for the purposes of this study. Be

sides the obvious saving in core memory storage, the gain in using Double Precision (DP) 

was found to be marginal, and this was established in the early phases of the investigatiol'l. 

Differences between SP and DP calculations appeared only in the sixth or seyenth deci

mal places. Consequently, practically ail final computations except for one 1 imited use 

of DP in one segmentation subprogram, have been carried out in SP . 
. 

Up to this point, the foundations of the wire grid analysis method have been 

outlined. Equation formulations, and numerical techniques were covered in Chapter Il. 

The first half of this chapter has been devoted to a closer examination of the wire grid 

modeling procedure and general programming aspects. The remainder of this chapter ad

dresses itself to afl application of the techniques to specific structures in considerable detail • 

3.4 Wire Grid Analysis of Antennas near Simple Conducting Surfaces 

The lines ~f stationary flow for simple conducting surfaces can be easily estab

lished, and hence their wire grid models determined using a physical and intuitive approach. 

Four basic geometries are considered here : a monopole on a sphere, a monopole on a disk, 

a dipole near a cylindrical tower or ma st , and a dipole in a corner reflector. Because the 

sphere and disk are the simplest shapes and also share common programming details, they 

will be taken first together. The dipole near the cyl inder is then considered next, and the 

corner reflector last. 
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3.4.1 Monopole on Sphere or on Plane Disk 

Figure 3.4 (a) shows a monopole of height h mounted on a sphere. The 

monopole current distribution is denoted by 1 (Zl) where Zl = 0 corresponds to 
z 

z =. R. The current 1 (9) on the sphere is assumed to flow on the meridian lines, 
s s 

and thus the wire-grid mode 1 of Figure 3.4 (b) is obtained. For the case of a monopole 

t
Z z 

T 1 (Zl) 
h t Z 

t 1 (ZI) 

t Z 

(a) 

Figure 3.4. 

ZI = 0 ~ZI=O 

Wire-Grid Modeling of a Conducting Sphere. 

1 (G) 
s 

of height h mounted on a disk of finite radius Rd (Figure 3:5 (a», the model is the 

well-known grid of radial wires, shown in Figure 3.5 (b). In both cases the arrows indi

cate the directions of current flow on the stationary lines. 

1 (ZI) 
tz 

1 (ZI) 

t 

(a) (b) 

Figure 3.5. Modeling of a Conducting Disk by Radial Wires. 

- .~I 
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3.4.1 (a) Segmentation Scheme for the Disk Radial Wires 

Although the sphere was modeled before the disk, it is easier to consider 

the segmentation scheme for the latter structure first. As indicated in Figures 3.6 (0) 

and 3.6 (b) the monopole, and one typical radial wire are segmented into short wire 

elements. The segmentation scheme proposed, at this stage, is heuristic and arbitrary 

but conforms to conditions (3.6) and (3.7). The source (shaded region) is also re-

Monopole 
SI:Itgments 

Source ----
Radial Wire Segments 

L -
(a) (b) 

Figure 3.6. Details of Se.gmentation for Monopole Mounted on a Conducting Disk. 

(a) Uniform Segmentation. (b) linearly increasing Segmentation. 

presented by one seg~ent. In Figure 3.6 (a), th.e segments are such that the lengths 

are equal, i.e. 

= = (3.10) 

whereas in Figure 3.6 (b), the segment lengths are such that 

(3.11a) 

or 

(3.11b) 

where !1 is a small increment, and the segmentation length is said to be linearly increasing. 

- , 
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This has been introduced to place as many short segments as possiQle near the source region 

where the current is stronger th an near the disk edge region. If the" total number of seg

ments n per radial wire is known, and the first segment length sl are known, the increment 

can be easily det~rmined from the relation 

2 Rd 2 sl 
A = n (n-1) - '(n=11 (3.12) 

The monopole segments can be taken very small or relatively long. If one is interested 

in improving the current values, segments lengths as small as 0.01 À would provide 

reasonably accurate distribution. For far field pattern calculations, the monopole segments 

can be safely taken as large as 0.05 À. Since the current at the end of the monopole 

should go to zero, a half - segment is normally left near the top end [20] , but again for 

far field approximations this is not a crucial point. The value of sl in (3.12) can be 

set equal to the length of a monopole segment or any other value can be chosen provided 

the condition 

s ~ O. 1 À 
n 

(3.13) 

is satisfied. The increment A can also be chosen judiciously, and if A = 0, then 

= = s 
n 

= n 
(3.14) 

The dots in Figure 3.6 represent the centre points of the wire elements. The other radial 

wires are segmented similarly, and this is followed by specifying the x, y, z coordinates 

of the centr; points, ana their angular orientation. 

3.4.1 (b) Segmentation Scheme for Meridian Unes on Sphere 

ln the segmentation of curved wires there is, along with the "electrical" 

approximation problem, the additional problem of piecewise Iinear geometric approxima

tion of a curve. Consider the arc AB and chord AB in Figure 3.7. The error difference 

A between the arc and chord lengths is given by 
s 

A = R 9 
s c 

2 R sin 
c 

(~) 
2 

(3.150) 
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A 

c 

Figure 3 .• 7. Approximating an Arc by a Chord. 

where R is the rad.ius of the circle ABC and 9 is the angle subtended by AB. 
c 

This can be approximated by 

R 93 

A FI:$ 
c 

s 24 , (9/2) < 1 (3.15b) 

259 3 
~ 

__ 0/
0 , 

6 
(9/2) < 1 (3.15c) 

It is easy to see that provided 9 ~ 1f /3 , the error wi Il be less than 5 % Thus follow-

ing this example, the meridans in Figure 3.4 (b) are first divided into arcs, and then the 

arcs are represented by chords as shown in Figure 3.8 (a) with constant segmentation, or in 

Figure 3.8 (b) with linearly increasing segmentation. The determination of the centre co-

(a) (b) 

Figure 3.8. Segmentation of a Typical Semi-Circular Wire from the Sphere's 

Wire-Grid Mode 1 : 

(a) Unifrom Segmentation, (b) Linearly increa~ing Segmentation. 

, 
,. 
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ordinates and the angular parameters is obviously somewhat complicated, and this is 

especially true if linearly increasing segmentation i~ employed. If the one full meridian 

y 

Figure 3.9. Details of Segmentation for the Sphere Grids. 

circle in Figure 3.9 is considered, it can be conc\uded that symmetric segments will have 

identical a angles (i.e. with respect to the x - y plane) but their !3 angles will be 

different by 'Ir radians. It is also important to note that for the assumed flow of current 

distribution, the a ang.les are ail negative, since a is defined as shown in Figure 3. 10 (a) 

with the limits indicated in Figure 3.10 (b).. These physical details ~f the segmentation 

-- --- --tE--

Current 
Elements 

Une Parallel 
to X-Y plane 

/ 

Figcre 3.10. Maximum and Minimum Ranges of the Current Direction Angle a. 

, 
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procedure involve elementary operations in three-dimensional geometry, but it should 

be mentioned that this was recognized only after the problem had been successfully 

solved. For a more complete description of the grid model segmentation for the sphere, 

reference may be made' to Appendix D .\ 

3.4.1 (c) Evaluation of the Impedance Matrix Elements 

Not only are the above grid models obvious, ,but because of structural sym

metry, the current distribution at corresponding points on the meridians or radiais must 

be the sorne. This fact has been exploited in reducing the dimensions of the impedance 

matrix arrays, and the essential steps are examined as follows. 

Let 

NM = number of segments on monopole, 

MR = number of segments on meridian or radial Iines, 

L = number of meridians or radial lines, 

where it is assumed that L is even. If the total number of current elements is denoted 

by NWS, then 

NWS = NM + L x MR (3.16) 

Of these, however, The number of unique current e lements is given by 

. MW = NM + MR (3.17) 

Obviously an impedance matrix which is MW x MW will be far less costly to operate 

on than an impedance matrix which is NWS x NWS. Hence in evaluating the im

pedance elements a reduced matrix is desirable and the next problem is to fi Il the reduced 

matrix. The dimensi ons of the impedance matrix array are shown in Fi gure 3.11 . where 

ail the lengths have been defined except for MKS and MLS, which are given by 

MKS = L x MR /2 (3.18aj 

.and 

MLS = MKS + MR (3.18b) 

-\ 
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Figure 3.11. Impedance Matrix Evaluation for Monopole on 

Conducting Sphere or on Disk. 
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To understand the different shaded regions, consider the impedance equations given by 

(2.77) with Z.. and 1. replacing Z and 1 , respective Iy. First, it can be seen 
Il 1 mn n 

that 
MW NWS 

l Z •. 1. + l Z .. 1. = V.
i , 

Il 1 Il 1 1 
1 s: s: NM (3.19) 

j=l j=NM+1 

But NWS MW 

l Z .• 1. = L x ( l z .. 1.) , 
Il 1 Il 1 

1 s: s: NM (3.20) 

j=NM+1 j=NM+1 

" 
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since the contributions from segments at a fixed distance from a point on the monopole 

are the sa me • Thus the region (1) in Figure 3.11 represents the left-hand side of 

(3.20). Continuing with additional MR rows, one would obtain 

NM NWS 

l z .. 1. + 
Il 1 

z .. 
Il L J. = V.

i 
1 1 

, NM + 1 ~ i ~ MW (3.21) 

i=l i=NM+l 

The first summation in (3.21) is represented by region (2) in Figure 3.11. New the 

second summation on the right hand side of (3.21) con be replaced by 

NWS MKS MLS 

l Z •• 1. = 2 x L Z .. 1. + L Z •• 1. 
'1 1 '1 1 Il 1 

i=NM+1 i=NM+1 j=MKS+1 ., NM+l ~ i ~ MW (3.22) 

Region (3) Region (4) NM+l ~ i .~ MW 

The multiplication by the factor 2 is based on symmetry considerations, but the second 

sum on the right hand side determines the contributions from radial segments on the same 

diameter or meridian segments Iying on the same circle. The next step in the reduction 

process requires identifying the symmetrically located segments. Such segments carry 

equal currents such that 

= 1k2 = . . . . . . . . , NM+l ~ k ~ MW (3.23) 

with kl = k + MR, k2 = k + 2 MR , • • • and 50 on. Thus (3.22) con be rewritten 

in the form 

NWS 

l z.. 1. = 
Il 1 

j=NM+l 

MW 

l (Zi,k + Zi,k1 + Zi,k2 + .•.• ) I k ' (3.24) 

k=NM+1 NM+l ~ i S MW 

where regions (2), (3) and (4) are now compressed into region (2). Hence using 

(2.80) and (2.81), the final reduced matrix equation to be solved takes the form 
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Z. 1 
l, 

o 

= 1 (3.25) 

ZMW, 1 ••••••••• 'MW 
o 

where MI signifies the source excitation segment. The excitation column in (3.25) could 

also ·be filled with impressed electric field values computed with a frill source, and then 

each ith row in the impedance matrix of (3.25) would have to be divided by s. , i.e. 
1 

the length of the ith segment, as discussed earlier in Section 2.3. 

Once the MW current values are determined, the corresponding symmetrical 

elements are evaluated by (3.23), and therefore the approximate but complete current 

distribution on the monopole and on either the disk or the sphere is known. 

3.4.1 (d) Significant Results from Current Computations for the Sphere Grid Models 

The sphere was chosen in this study as a test model for the many basic assumptions 

and approximations involved in the wire grid analysis method. Consequently, somewhat ex

tensive computations were carried out, and these are summarized in Table 3.1. Five different 

valuesofsphereradius (À/8, 3À/16, À/4, 5À/16, and 3À/8) werecon

sidered, and the. number of meridians replacing the continuous surface was varied from 8 to 

32, with the total number of current segments, including the monopole segments, ranging 

From 125 to 825. The computed radiation patterns will be discussed later, and at this 

point more attention will be paid to: (i) the influence of sphere radius and the number of 

grids on the current distribution, and (ii) the equivalence of the exci.tation source models. 

Except for one trial computation, the wire radius a for ail the elements in the spherical grid 

structure was determined from the well-known antenna parameter [14J 
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TABLE 3.1 

SUMMARY OF COMPUTATIONS WITH WIRE-GRID MODELS 

OF CONDUCTING SPHERE 

(HEIGHT OF MONOPOLE SET AT 0.25 X) 

SPHERE 
RADIUS 

R-
s 

X/8 

X/4 
X/4 
X/4 
)./4 

3 X/16 

5 ),/16 

3 X/8 

),/4 

L 

16 

16 

24 

24 

32 

32 

32 

32 

16 

SEGMENTATION 

MR NM MW 

16 

16 

16 

25 

25 

25 

25 

25 

15 

25 

25 

25 

25 

25 

25 

25 

25 

5 

41 

41 

41 

50 

50 

50 

50 

50 

20 

MAIN PURPOSE(S) 
OF 

NWS COMPUTATION (S) 

281 

281 

409 

625 

825 

825 

825 

825 

245 

A 

A, B 

B 

B, D 

A, B, C, D 

D 

D 

D 

E 

Key of symbols used in "Main Purpose (s) of Computation (s) Il 

A Testing of validity and accuracy of wire grid model by comparison 
with known results. 

B Computations made to arrive at an "optimum" grid model. 

C Study of source modeling : Finite-width gap model versus frill 
current source. 

D Pattern computati ons for comparison with ":Ieasured patterns. 

E Testing of coarse segmentation for pattern computation. 

-1 

81 
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.1\. = 2In(2h/a) (3.26) 

where h is the height of the monopole. * The value of .1\. was chosen to be 9.6, which 

for h = À /4, yields ** 

a ~ 0.00412 À (3.27) 

The problem of determining the current distribution on the surface of a perfectly 

conducting sphere has been studied in some detail by Pappas and King [34]. However, 

in that work, the current on the monopole was assumed to be a sinusoidal distribu

tion. Thus direct comparison cannot be made because in the results shown below, the real 

and imaginary components of the monopole current are seen to be influenced by the radi.us of 

the sphere. The plots shown in Figures 3.12 to 3.19 indicate the normalized computed 

currents 1 (z') versus z' for the monopole, and 1 (9) versus .g for a typical meridan z s 
line on the surface of the sphere . The parameters are Rs (radius of sphere) , and the seg-

mentation variables L, and MR. Comparing Figures 3.12 and 3.13, there appears to be 

very Iittl'e change introduced by the increase in sphere radius despite the fact that L is also 

doubled for Rs =.3 À 116. In Figures 3.14 and 3.15, it can be seen that for a fixed 

sphere radius of Rs -= À 1 4, there are significant variations in the real and imaginary com

ponents, although the current magnitudes appear to remain essentially of the same shape. 

For larger values of R both real and imaginary components of 1 (9) begin to exhibit oscil-
s s 

latory variations, as indicated in Figure 3.19. 

The equivalence of the finite-width gap model and the frill current source was 

established for R s= À 14 with L = 32 and MR = 25. The computed current results are 

compared as shown in Table 3'.2 where it can be seen that an essentially fixed ratio. 

exists between the two values. The discrepancy arises because the inner and outer radii of 

the frill in Figure 2.7 have to be approximated from physical dimensions. Thus the ratio 

b 1 a is very critical in that it scales down or up the impressed field by the factor 1 1 ln (b/a) 

according to (2.63). Although this does not affect the far field pattern, it does change 

the magnitude of the computed current values. 

* 

** 

A more concise definition of the antenna parameter is .1\. = 2 ln (total antenna 

length 1 conductor radius). 

This value of .1\. was also chosen by Tesche and Neurether [49J . 
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3.4.1 (e) Important Results from Computations with the Disk Radial Wires 

Most of the sphere computations listed in Table 3.1 were also repeated 

with a 0.166 À monopole mounted on a disk with Rd = 0.5 À. However, the seg

mentation used was quite coarse because by the time the disk was successfully modeled 

(including the source), enough experience had been accumulated for the wire grid 

modeling procedure. During the cours~ of the investigation, it was found that as long 

as the two conditions in (3.6) and (3.7), were satisfied, the segmentation as fine as 

used for the sphere was not necessary if far field patterns only were required. The disk 

was modeled with L = 8,12, 16 and 24 radiais. For the monopole, the number of 

segments was kept constant at NM = 3, and for each radial wire, MR = 9 was also 

kept constant. The important results obtained were : (1) the equivalence of the source 

models was again established, and (ii) the significance of the wire radius parame ter , 

as indicated in Tables 3.3 (a) and 3.3 (b), was shown. The current results in 1he 

latter tables demonstrçte that the wire radius is indeed a significant parameter, and the 

obvious conclusion drawn is that its value should be chosen judiciously. More specifi

cally, if one were to apply the wire grid analysis method to actual thin wire structures, 

then the wire radius dimensions must be taken into c.onsideration as accurately as pos

sible. This interpretal"ion has influenced significantly the relative accuracy of computed 

patterns in comparison with mea~ured patterns for antenna structures studied in this work. 
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Figures 3.12 to 3.19. Normalized Current Distribution'for Monopole (Height h = >/4) 
Mounted on Spheres of Different Radii • 

.8 

12.(2.'). .6 

llxl max .4 . 

1.0 

.B 

1z(1') ,6 

Ihlmax .4 

.2 

(a) Monopole Current Distribution 
(b) Current Distribution on One Typical Meridian. 

Current Components: -&--o-Imaginary, -x- Real, • • Magnitude. 
Parameters: R = Sphere Radius, L = Number of Meridians for Sphere Modeling, 
MR = Numbers of Segments in Each Meridian. . 

1.0 

(a) (b) . 

Figure 3.12. R = À/8, L = 16, MR = 16 • 
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Figure 3.13. 3 À / 16 , L = 32, MR = 25 • 
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Figure 3.14. R = >./4, L = 16, MR = 16. 
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Figure 3.15. R = >./4, L = 24, MR = 16. 
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Figure 3.16. Rs = ~/4, L = 24, MR = 25 • 
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Figure 3.17. Rs = ~/4, L = 32, MR = 25. 
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Figure 3. 18 . R = 5 À / 16, L = 32, MR = 25. 
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Figure 3.19. R = 3 À /8, L = 32, MR = 25 . 
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TABLE· 3.2. 

EQUIVALENCE OF MAGNETIC FRILL AND FINITE-WIDTH GAP SOURCE MODELS 

CURRENT DISTRIBUTION FOR 1/4~ MONOPOLE MOUNTED ON SPHERE OF 

RADIUS = 1/4 ~. 

88 

(APPROXIMATE CURRENT VALUES. I.IN MANOLT) 

FRILL SOURCE: 1 = Il + J 12 FINITE GAP: 1 = 13 + i 14 RATIOS 

N* Il 12 I~ 1.1- hih Id / 12 

1 2. 7 2' .. 0 -1 • • n6', 0 2.90513 -5.0295 1.n806 1.03/.0 

2 2.1,032 -l, . Baon 2.0:V.Z -5.2803 1. '~OO 7 1.0B35 

~ .2. 1.956 -', .900/, 2.71-11 -5.3285 - 1.f:on8 1. OR ./', 

1. 2. :: ') 50 -', • B97. 6 2.6()75 -5.3255 1~{lOfj7 1.00·05 

5 2.2'J62 -',.8612 2.5020 -5. 29~5·· 1.n8a., 1.0809 

(, 2.2030 -4.0004 2.3985 -5.2371 1.('-867 1.0892 

1 2.1084 -4p7358 2.2955 -5.1584 1. j)887 1.0R92 

6 2.Ct36 -4.61,1.0 2.1922 -5.0587 1. rla07 1.0R93 

9 1.<:'178 -4.5338 2.0B7? -', .9369 Ipp687 1 .OH9/• 

1 il 1. ~·20U -'a .1.058 1. 9~2" -1,.7995 1 • !)oa8 1.0091• 

li 1.7226 -4.2604 1.8755 -1,.61,12 1.~O86 1.089/• 

12 1. !)7. 28 -/,.098? 1.7669 -4.46',6· 1.'}088 1.0894 

l~ 1.5216 -3.9196 .1.6566 -' •• ·2701 1.~~87 1.089 / • 

14 1. 11180 -;-3.7252 1.5447 -4.058'3 1.~087· 1. Of194 

l' 1.~1,.6 -3.515? 1 • 't312 -3.0297 1.r.807 1.0895 

16 1.l'O90 -3.7.904 1.3167. -3.581.6 1. (~O81 l .089'. 

17 1.1010 -3.0508 1.1996 -3.3236 1.~S8a 1.0894 

1R Q.9934 -2.7968 1.0016 -3. ()l, 69 1.,.,fJ8B 1.089 /• 

J.C) O.~838 -2.5286 0.9622 -2.7546 1.,,887 1.0895 

20 0.7728 -2 .. 2'.62 0.8(tl3 -2.'t /.71 1.p886 1.0094 

7.1 0.6602 -1 .9 /.92 0.7168 -2.1235 1.n8!36 1. OR?'. 

22 O. ~ ',58 -1.636'. O.59 l .3 -1.7fs2B 1: (·{HJ9 1.0fiQ5 

23 0. " 2·')0 -1.3056 0.4670 -1. ',225 1. !)OB6 1.0695 

24 o. ?:OOO -0.9516 0.335? -1.0~66 1.,-,803 1.0893 

2.5 0.1782 -0.5592 0.1940 -0.6092 1.(",887 1.0R9't 

2(.. 0.('900 -0.]718 0.0981 -0.1829 1.n900 1 .06'.6 

27 0.C712 -0.1636 0.0775 -0.1763 1. [".OB 5 1.0776 

26 0.(.536 -0.166 /• 0.0583 -0,1800 l.n077 1.0817 

29· 0.01316 -0.1686 0.03 l .5 -0.lU26 1.n918 1.0830 

3~l O. COol, -0.1670 0.0070 -0, uno 1.r·93~ LO(J38 

31 ... 0. (;20 1• -O. 1596 -0.0222 -0.1731 1. !'·S82 1.08 1t6 

32 -0.0',64 -O. l'. 50 -0.0504 -0.1.582 1.0862 1.0850 

J:~ -0.0694 -0.1256 -0.0753 -0.1363 1. ~Hl50 1.0852 

3i .. -0.0876 -0.lO02 -0.()951 -0.1087 1.c'656 1.08'.8 

35 -0 •. (1998 -O.H712 -0.1083 -0.0771 1. (:852 1.0829 

36 -0~i054 -O. b l t04 -o. Il' .. 5 -0,0 /.37 1.0863 1.0017 

37 .-0. 1. Ol. 8 -0.0100 -0.1137 -0.Ot08 1 • :~8/.9 1,0000 

30 ... 0.096'. 0.0178 -0.1067 0.0194 1. :)11 [.3 1.0899 

39 -0.(:(174 0.041? -0.09'.8 0.0 1, lta 1.;18 /.7 1.0074\ 

1. () -o. ;)734 0.0590 -0.0797 0.0641 1.0058 1.0064 1 

41 -O.f)580 0.0704 -0.0630 0.0765 1. [.862 1.0066 

"2 -O. '~/.?8 0.0750 -0.Ot.6'. 0.0816 1 .~! 0 1• l J..0880 

'. :3 -O. (!290 0 .. 073(, -0.03l4 0.0·/99 1.r-028 1.0056 

41. -0,Q1"/6 (). 0666 -0.0191 0.0723 1,(~O52 1.0056
1 

45 -0.C:092 0.0556 -0.0099 0.0603 1.t!761 

46 -0.C038 0.0'.20 -0.00 1.0 0.0457 1. (i526 1.0801 

l.7 -O.OOOU 0.0280 -0.0008 0.0305 -
1.08/.51 

* : Current Distribution on Monopole: N = 1 (source element at base of monopole) to 

N = 25 (near top end of monopole). (See Figure 3.4 (a) ) • 

Current Distribution on a Typical Meridian: N = 26 (near 9 = 0) to N = 47 (9 -180~ 

Note: the sphere was modeled by 32 meridians. 

--'1 , 
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TABLE 3.3. 

INFLUENCE OF WIRE RADIUS PARAMETER "a" ON COMPUTED CURRENT DISTRIBUTION FOR 
0.166 À MONOPOLE MOUNTED ON RADIAL GROUND WIRES (RADIUS RlO.5À). 

. 1 = l' + il". 

(a) MONOPOLE MOUNTED ON 12 RADIAL WIRE-5 ._.-
0= 0.00104 À a: 0.00182 À -
l' 1" l' 1'" [_g:.~o~~\__ ~:~i; = ~.~§ ~·u 1 

7. <}()/t5 In.3116~ 3.:'(,.)5 13.0106 1 .2B42 9.5309 1.2197 ~.4~'1 
6 • .591)0 12.5173 2;P.210 <J.77U7 l 0096 n.n549 1.0'74 6.13 a 7 
'+.0112 7.1 C)7n 1.7323 5.5091 0 6335 3.R606 0.6546 3.7Q43 
O. (,5713 1..3199 0.2797 1. D', M, 0 1068 0.7601 0.1014 O.75~~ 
O.ï3'J6 1.1981 0.3165 O.93Hl 0 1187 0.6470 0.1120 0.~3S1 
0.9;>98 1.1:327 0.4021 Cl.6!l36 0 1492 0.5763 O.l~nO D.56~9 
1.1666 1 ~ 092'J 0.5092 0.8575 0 1eS~ 0.5316 O.l7~2 O.513~ 
1.37813 1.0365 0.60~8 0.8246 6 2245 0.4911 0.7.100 O.47CQ 
1./1966 '0.9355 0.6642 0.7599 0 2470 0.4394 0.2310 0.41~l 
1.4578 0.7766 0.6536 0.6lt83 0 2453 0.36S3 0.27.97 O.34~~ 
1..21'6'2 0 .. 5007. O.55?3 0.4845 0 2106 0.2735 0.1976 0.2591 
0.747't 1 0.2991 0.3454 . .- 0.2708 0 1351. __ 0.1.s.!.~ ____ .0 ~ 127.3._ ... _.0 .l461 

(b) MONOPOLE MOUNTED ON 16 RADIAL WIRES __ . __ .... _._ . . . "--'-"-'---" r----
a = 0 ~Q019il ___ _.a .. =.O .• OO 82.À . 
l' l" l' III 

18.8890 21.8326 'b.7071 17.77\0 
15.7.957 16.544) 5.471")7"' 13.3511 
I}. 1108 9.4?24: 3.2960 . 7.6115 
1.2'103 l.lt(131 0.4397 1.1372 
1.2070 1.1(8) 0.4419 0.'Jb72 
1.3507 1.0047 0.5178 0.8797 
1.5743 0.S5!l6 0.6292 0.8244 
1.7363 0.704-; 0.7316 0.7675 
1. ô')69 0.5332 0.8050 O.bHb7· 
1.H330 0.3533 '0.7956 0.5698 
1.!>263 0.1846 0.6783 O.H42 
0.9397 0.0555 0.4287 0,'2248 

a = 0.00564 À ....... --.. , 
l' 

1.6028 
1.343'7 
0.8364 
0.1023 
0.1096 
O~1364 
0; 1738 
0.2107 
0.2360 

. 0.2389 
0.2090 
0.1365 

10 
7 
4 
0 
0 
0 
0 
0 
0 
0 
0 

1" 
.'t56b 
.5337 
.?429 
./)/,21 
.5399 
.4791 

O. 

4407 
4065 
3631l 
3052 
2270 
1281 

_ ... a .::..9 . 0072~ À 

l' 1" 
1 • 3' ),3 5 9 • 932 1 
10177 5 "1. {)9:l1 
0.7:199 3.9941 
O.OiiSt O.!J024 
O.OCl56 0.50[:3 
0.1199 0.44f)') 
0.1'i35 0.4(1!):1 
O.lA69 0.3755 
D.2100 0.3349 
0.?132 O.28~2 
0.lB73 0.20~3 
O.123.~ 0.1177 

Note: Q) The above approximate current values are in milliamperes per volt. 
Qi) N = 1 - 3 correspond to current elements on monopole, and 

N = 4 -12 correspond to current. elements on one radial wire (in both Tablès). 

co 
-0 
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3.4.2 Dipole Antenna Mounted on the Si de of a Cylindrical Support 

The next case that can be modeled readily is an isolated thick cylindrical 

structure (e.g. a tower or mast) supporting a dipole antenna on its side with the di

pole oriented parallel to the axis of the cylinder. Side and top views of the antenna 

mounting are shown in Figure 3.20 with cylindrical coordinates z and cp • 

z 

T 
he 

L 
o 

figure 3.20. 

lx 
hcI---

l 
(a) 

Dipole 
Antenna 

1 . ---
~~D~SJ 

(b) 

Dipole Mounted on the Si de of a Cylindrical Conductor. 

(a)· Side View, (b) Top View. 

The cylindrical support modifies the pattern of the dipole depending on its diameter D, 

and the separation distance S. The height of the cylinder, h , is not too critical 
c 

provided it is longer than the height of the dipole, hd. Because the thickness of the 

cylinder is likely to be significant, i.e. (0 ~ 0.1 x.) , the induced surface current 

distribution, with stationary lines of flow parallel to the cylinder axis, can no longer be 

assumed to be uniformly distributed around its circumference. Still, it is physicc.oIly ap

parent that the cylindermay be replaced bya set of thin wires as shown in Figure 3.21. 

The real problem then is how to choose a sufficient number of thin wires which 

would simulate the continuous surface. If it is assumed that the induced surface current 

density is an arbitrary function of cp, but independent of z, it would be possible to re

late the required number of current lines to the order of a wave function of solution [35J • 
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Current 
Filament 

/" 

--. 
/ 

Dipole 
Antenna 
(DA) 

Figure 3.21. Cylinder Replaced by Four Thin Wires. 

(a) Side View, (b) Top View. 

One might express the vector potential as a series summation of cylindrical Bessel 

functions, truncate the series bya finite sum, and hence obtain the order number. The 

number may turn out to be related directly to the number of symmetrically located cur

rent filaments. However, the problem under consideration is a finite cylinder, and the 

current distribution cannot be assumed to be independent of z. In fact, intuitively 

the current on each filamen~ may be expected to be maximum near the dipole region and 

then vanish toward the cylinder ends. The only remaining course to follow is a simple 

modeling procedure using four, six and eight current lines. The computed patterns may 

then be co:,ripared qualitatively with patterns obtained by other methods [37J 1 [38J 1 

or available from commercial data [77J. The comparisons are repeated for different 

combinations of 0 and S, and also with experimental models, discussed later. Re

peated computations suggest the following modeling procec:;lure : 

Cylinder Diameter Number of Current Unes or Filaments 

0 ~ À/8 to 3 À/16 4 

0 ~ À/4 to 3À/8 6 

0 ~ À/2 to 3À/4 8 
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These guidelines have been followed in making final computations for experimental 

comparisons, and it will be shown that the results obtained have been on the whole 

satisfactory. Although not quite as efficient as the sphere-disk matrix reduction or 

the corner refl ector program (to be discussed in the next subsection), an attempt has 

olso been made to reduce the size of the impedance matrix using symmetry considera

tions. 

3.4.2 (a) Significant Parameters for Modeling the Cylindrical Conductor 

with an Axial Dipole 

Tl1e significant parameters for computation used in modeling the mast

mo~nted dipole antenna are shown in the followin.g table 

. 1. Dipole Mounting 

2. Source Mode 1 

3. Cylinder Height 

h = c 
4. Cylinder Diameter 

0 

5. Dipole Antenna Height : 

hd 

6. Dipole Separation Distance : 

S 

7. Number of Current Filaments: 

NC = 

Symmetrical about centre of Cylinder 

Finite-Width Gap Source 

0.75 À ta 1.0 À in Trial Computations 

0.6 À ta 1.0 À for Experimental moclels 

0.125 À ta 0.5}' 

0.5 À in Trial Computations 

0.3 À ta 0.5 À for Experimental Moclels 

0.25 À ta 1.0 À 

4 ta 8 

8. Number of Segments per current Filament: 

NT 

9. Number of Segments for Dipole Antenna : 

NM 

10. Wire Radius 

a 

a 
= 

11 • Total Number of Segments or 
Current Elements 

NWS 

. 12. Total Number of segments 
for which current is computed : 

NA 

11 ta 15 

7 ta 11 

0.002 À in Trial Computations and for 

the experimental models, 

0.001 }. ta 0.0017 À for Dipole Antenna 

0.0015 À ta 0.0025 À for Current Filaments 

NM+ NC x NT 

NM + ( NC /2 + 1) x NT 
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3.4.2 (b) Typical Computed Current Distributions 

ln Figures 3.22 to 3.27 are shown representative results of the current 

computations. For each antenna mo~nting, the diameter of the conducting cylinder, 

the separation distance S, and the number of segments used in modeling the 'cylindri

cal surface are indicated in the top left side corner. The height of the cylinder was 

kept at 1.0 À . and the dipole height was a half-wavelength. It is interesting to note 

that except for changes in magnitudes, the current distribution on the dipole antenna 

remains essentially similar to the distribution on an isolated half-wavelength antenna. 

As predicted, the currents on the filaments modeling the cylinder are symmetrical func

tions of z which tend to vanish at the two cylinder ends. Close examination of the 

current plots from (b)j'o (d), or (b) to (e), or (b) to (f) reveals the fact that the 

induced current, in addition to being z - dependent, is also cp - dependent. Again, 

this was one of the initial assumptions made in specifying the modeling procedure for the 

cylinder. By comparing Figures 3.22 and 3.23, Figures 3.24 and 3.25, and 

Figures 3.26 and 3.27, (and also the corresponding radiation patterns), the guide

lines stated earlier for determining the number of current filaments were reached. 

3.4.3 Wire-Grid Analysis of the Corner Reflector Antenna 

The corner reflector antenna as used in practice is in a wire grid form. Its 

radiation patterns have been documented from extensive experimental measurement by 

Wilson and Cottony [78J , and earlier by Harris [79J. However, it has always been 

a difficult boundary-value problem to tackle. References have already been made to 

the work of Kraus [30 J, Moul in [31 J , and Wait [32 J. Kraus derived practical 

design figures for wire spacings and corner angles; Moullin, using image theory methods, 

obtained more extensive radiation patterns for special corner angles which are sub

multiples of 180
0

• Wait introduced a method which can be applied to arbitrary corner 

angles. However, both Moullin and Wait considered reflecting surfaces with infinite 

dimensions. The only treatment of a corner reflector with finite dimensions that has been 

reported so far is that of Ohba [33J who used the geometrical theory of diffraction ap

proach. Thus the analysis of a finite corner reflector using the grid modeling approach 
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Figures 3.22 to 3.27. Computed Current .Distribution, 1 = Il + i ln, for 

Dipole Antenna (DA) of' Height hd = X /2, and Sup·porting Conducting 

Cylinder (Height h· = 1.0 X). 

® .,...-

c 
(a) Current Distribution on Half-Wavelength Dipole. 

(b), (c), (d), (e), (f) - Current Distributions on Filaments used for 

Cylinder Modeling. -x-x- Il, -0-0- III, • e- t 1 1 • 
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serves several special purposes. It provides more detailed understanding of a well

known antenna form which helps to validate some of the modeling assumptions 

mentioned earlier and it is useful in improving programming efficiency in the light 

of the symmetrical structure. As indicated below the programming scheme turns out 

to be very challenging and differs significantly from the programs for the previous 

three cases. 

The coordinates and notations used are iIIustrated in Figure 3.28. The 

z-oxis is made to coincide with the corner edge 1 but the x - and y - axes could have 

z 

y 

H HD x 
0r-~~-+------~~ x 

(b) 

figure 3.28. Corner Reflector Antenna. 

--'i 
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been rotated so as to include the corner angle within the axes for 13' < 900
, or to 

have the axes contained within the corner aperture for 13' > 90
0

• The width and 

height of one reflector side are denoted by Sand H, respectively. As indicated 

in Figures 3.28 (a) and (b), the dipole antenna is placed at a distance 0 from 

the corner edge, has a height Hd < H, and lies in the z - x plane parallel to the 

z - axis. Its centre is in line with the centre ·of the corner edge at z = 0 • 

The continuous reflecting surfaces are replaced by an array of wires as 

shown in Figure 3.29. The separation distance d between the wires is about 0.1 X, 

and the total number of wires is therefore determined by the 5 dimension. The wires 

are located symmetricqlly relative to the corner (the z - axis) • 

z 

V 
IV - "-III - YI 

Il - "- VII 
1 - " VIII 

f 
'IX 

- "-d -- "-

/3' ,,~ 

" Figure 3.29. Wirc.-Grid Modeltng of Corner. Reflector Antenna 

with Vertical Dipole. 

3.4.3 (a) Segmentation and Current Computation Schemes 

A simple generalized segmentation scheme for arbitrary values of H, S, 

13' and Hd is possible, but the segment parameters must be carefully specified. To 

determine the total number of wire elements, the following parameters can be proposed : 

· '1 



( 
1. NC = Total number of parallel wires mocleling 

the corner reflector (e. g. 7, 9, 11, 17) 

2. MR = Number o(segments into which each para-

sitic wire is to be divided (e.g. 9, 11, 13) 

3. ND = Total number of se~ments into which the 

dipole antenna is to be divided (e.g. 5, 

7, 9.) 

Thus, the total number of current elements would be given by 

NRS =. NC x MR + ND 

102 

(3.28) 

It is important to note that NC, MR and ND are ail oc/d numbers. NC specifies 

the number of wire lines which simulate both reflecting surfaces plus the line replacing 

the corner edge. ND and MR are oc/d because the current distribution must be a 

symmetrical function of z in the dipole and in t~e passive elements. The antenna is 

a half-wave dipole, and although the segmentation scheme that has been worked out 

is in no way restricted, the value of H has been set at 1.0 À, and two values (0.5 À 

b · 0 and 1.0 À) have een chosen for S. The corner angle has been varied between 60 

and 130
0 

• 

The development of a compact current computation program, which again 

is not restricted in any way except by the available computer memory, has required a 

great deal of re-arrangement of the segments into which the current lines are divided. 

The basic approach is to make use of the fact that the current distribution is not only 

symmetrical on each current line, but is also identically the same on the image line in 

the second surface. Consider filaments 1 and IX of Figure 3.29. The current lines 

are re-drawn including the corner line in Figure 3.30 with new notations. Filament 1 

is divided into MR elements, and these can be identified as l, 2, . . • M2, ... MR. 

Similarly filament IX is divided into MR elements which are numbered N1, •.•• N2 •..• N3. 

If the voltage equation from (2.77) is to be written for segment 1 on filament 1, one 

would obtain 



MR 
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, 
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, , , 
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Fiigure 3.::OC. Corner Reflector Antenna: 

MR 
Segments 

Segmentation· of Symmetrically Located Wires. 
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ZI,1 Il + Zl,2 12 + •••• +ZI,MR 'MR+" •• +Zl,NRS· 'NRS = V~ 

where MR and NRS have already been defined, and '1 ' '2' • • • 'NRS are ele

ment currents. But from symmetry considerations 

= 

= 

where 

N1 = MR x (NC - 1) + 1 

M2 = (MR + 1) /2 

(3.29) 

(3.30) 

(3.31 ) 

(3.32) 

(3.33) 

(3.34) 

., 



N2 = MR x (Ne - 1) + M2 

N3 = MR x NC 

N4 = MR x NC + 1 
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(3.35) 

(3.36) 

(3.37) 

Similar identities can be expressed for current elements (Figure 3.29) on filaments 

Il and VIII, III and VII, and so on. Whenthisisdone, equation (3.29) canbe 

rewritten in the form 

(Zl,l +Zl, MR+ Z l,Nl +Zl~N2) Il + (Zl,2+ Z 1,MR-1 + ••• ) 12 

(3.38) 

If (3.38) is generalized, it becomes 

where 

NRW 
\' 
L Zi,i li = Vi ' 

i=l 

1 ~ ~ NRW (3.39) 

N RW = « MR + 1 ) / 2) x (N C + 1) /2 + (N D + 1 ) /2 (3.40) 

and Zoo now represents, except for two current elements, sums of either four or two 
Il 

impedance values in the NRS rows similar to (3.29) 0 The two exceptions are the 

centre currents of the corner filament, and the dipole antenna. For the other current 

lines the equivalent Z. 0 in (3.39) is given by two sums for the centre currents, and 
Il 

by four impedance sums for the non-centre current elements. 

After establishing the general procedure, the real difficulty arises when one 

tries to keep track of the rows and columns of the NRW x NRW reduced matrix from 

which the unknown element currents are to be determined. This could be best seen from 

an examination of a complete computation program, however for the sake of brevity pro

gramming details are not presented in this thesis since the procedures are of a routine 

nature 0 
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3.4.4 Summary of Wire Grid Analysis of the Simple Conducting Surfaêes 

From the current computations made for the four simple surfaces, the follow

ing observations have been deduced. 

(1) The assumed source models are valid. 

(ii) ln working towards a 'correct' wire grid mode 1 , the 
current results confirm the validity of putting the thin 
wires along the IIstationary Iines of flow Il in the model
ing procedur~. 

(iii) The wire radius parameter affects Qppreciably the com
puted current distribution for a given wire grid mode 1 , 
and its effect on the corresponding radiation pattern will 
be discussed. As will be shown in the next section, 
this result has also helped in tackling wire-grid structures 
built with wire segments that may have different radius 
values. 

(Iv) The segmentation schemes and procedures apply equally weil 
to straight and curved wires as long as conditions (3.6) and 
(3.7) are satisfied, and adequate piece-wise Iinear approxi
mation of curved wires is achieved. 

(v) A coarse segmentation scheme has been found to be sufficient 
for far field computations. This conclusion was reached as 
progress was mode from the sphere where very fine segmenta
tion was used, to the cylinder with axial dipole, and then to 
the corner reflector. 

(vi) Provided the physics of the problem is clearly understood -
that is the source is properly modeled, and the IIstationary 
lines of flow ll are correctly established, the results have shown 
that one can achieve computational efficiency by taking into 
consideration the geometrical symmetry of a given conducting 
surface [47], [56]. 

ln Table 3.4, the reductions that have been obtained are summarized. The 

possible electrical dimensions of the individual surfaces which might be handled by the 

modeling and programming schemes within a 300 k core memory of an 0/ S 360 com

puter are also indicated. 



TABLE 3.4. 

SUMMARY OF WIRE-GRID COMPUTATIONS FOR THE SIMPLE ANTENNA SYSTEMS 

WIRE SEGMENTS ELECTRICAL DIMENSIONS 

APPROXIMATE RATIO 

NUMBER REDUCED OF REDUCED MATRIX 

ANTENNA OF NUMBER OF TO ACTUAL STRUCTURE COMPUTATIONS POSSIBLE 

STRUCTURE ELEMENTS ELEMENTS MATRIX MADE RANGES 

Monopole of height h h = 0.25 À h ~ 0.5 À 

mounted on sphere of 245 - 825 20 - 50 5% - 3% R = À/8 

radius R 
s to R ~ 1.0 À 

. s R = 3 À/8 
s 

s 

Monopole of height h h = O.l66À h ~ 0.5 À 

mounted on disk of 75 - 219 12 3% 

radius Rd Rd = 0.5 À Rd ~ 2.5 À 

Axial dipole antenna h = 0.75 À D ~ 1.5 À 

mo:,mted near a cylindri- 71 - 131 56 - 86 29% - 44% 
c to . 

cal mast of diameter D h . = 1.0 À h ~ 2.0 À 

and height h 
c c 

c D = X/â -À/2 

S = 0.5 À 

Corner retlector of 104 - 236 33 - 69 10 % - 9 % H = 1.0 À S ~ 2.5 À 

width Sand height H S = 1.0 À 

H = 1.0 À H ~ 2.5 À . 
--0 
0-

--
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3.5 Wire Grid Analysis of a ThinI Wire Structure 

The structure considered in this section is a more compl icated three dimen-

sional one consisting of a truss-like body, shown in Figure 3.31, resembling the tail 

section of a Bell 47G-2A helicopter. At 675 MHZ, the 1 : 20 scale model is about 

1.1 À long, and its front face (plane containing line A-B) which is shown in detail, 

is a rectangle 0.11 À by 0.14 À. A coaxial feed is connecf~d to the. radia/ly oriented 

dipole antenna through the rod A-B. Although most of the truss members are made from 

the sa me kind of uniform thin wire (abo~t 0.0017 À in radius), there are segments in 

the structure (e.g. the rod A-B) which have different radius values. Outside the 

frame itself, the line C-D, which models othe rotor blades of the helicopter, is a thin 

strip with a width of about 0.0032 À. Thus although the problem of determining the 

stationary line of current flow is solved a. priori, one still has to take' into consideration 

the different wireoradii in a current computation program. To arrive at an accurate seg

mentation of the structure into smaller elements, one is also required to supply the geome

trical coordinates correctly [56J. Provided these precautions. are taken, the equation 

formulations completed, and the sou~ce properly chosen, there is no reason in principle 

why the analysis should not yield satisfactory results. 

During the course of the actual computations, however, difficulties were 

encountered. The most persistent source of error was due to insufficiently accurate source 

data about the coordinate position of individual segments. As indicated below, each seg

ment needs to be identified by six coordinates. One, two, or three errors in a deck of 

one hundred and seventy or so data cards may completely nullify the results of a comput~

tion program that has been painstakingly assembled. There was also the more serious 

problem of appreciating the physical structure of the thin wire body such as its asymmetri

cal and three-dimensional aspects, identifying the locations of segments which could affect 

significantly the current distribution, and identifying also segments which might be ignored 

in the current and / or pattern computations. It was therefore seen that if the results of 

the wire grid analysis of this particular problem were to be reliable and satisfactory, a 

novel and more fundamental approach would have to be attempted. 

The approach chosen was essentially simple. The thin wire structure was to 

be evolved gradually from known surfaces of revolution. The steps taken are pictorially 

'1 
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illustrated in Figure 3.32. Starting with a radial di pole near thE!! centre of a finite 

cylinder, and then proceeding through a number of intermediate antenna mountings, 

the situation of a radial dipole side-mounted at the base end of a cone is reached. In 

the approximation process, it was implicitly assumed that the thin wire body of Figure 

3.31 could be replaced by an equivalent continuous surface show~ in Figure 3.32 (g). 

The exact shape of this conducting surface is a compromise between the cylinder of 

Figure 3.32 (e) and the cone of Figure 3.32 (f). The radiating systems in Figures 

3.32 (a) and (b) not only helped in starting the modeling procedure, but also served 

as direct and independent checks of the applicability of the wire grid technique accord

ing to the formulations and assumptions used in this study. Of these t..,{O configurations 

the first problem has been studied by Wait [40] and Kuel [80J by classical methods, 

and recently by Goldhirsh and others [50] by numerical methods using the surface ele

ment technique. As far as the author could determine, the case of two diametrically 

opposite radial dipoles was first studied by Wait and Okashimo [81], also later discussed 

by Wait [40], although Sinclair and others [41] had considered two radial dipoles 

. mounted 120
0 

apart on the surface of a cylinder. The other dipole mountings with the 

parasitic stub have been introduced in the study to make the modeling procedure more 

complete, and it seems that they have not been studied before. 

ln the following sub-sections, the wire models of the surfaces of revolution 

are treated first, and then segmentation scheme for the thin wire structure will be outlined. 

The computed patterns are once again to be discussed later in Chapter V . 

3.5.1 Wire Grid Modeling of a Cylinder with Radial Dipole 

The wire modeling of the surfaces given in Figure 3.32 begins byestablishing 

the stationary lines of flow on a finite perfectly conducting cylinder with a radial dipole 

mounted on its centre. The cylinder has a length 1 and diameter d, and the coordinate 

systems are shown in Figure 3.33. The surface current distribution is not restricted to lines 

of flow parallel to the axis of the cylinder, but at least near the feed region, the currents 

must also flow along circular paths around the circumference of the cylinder towards the 

feed poi nt. An attempt is made in Fi gure 3.34 to show the assumed current distributi on. 

However, it would be quite difficult to base a wire grid model on such flow 1 ines. Instead 

- -1 
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Figure 3.32. Oevelopment of the Thin Wire Body from 

Simple Surfaces of Revolution. 
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Figure 3.33. Radial Dipole Mounted on the Centre of a Finite Cylinder. 

. 
it is postulated that a reasonably accurate model can be achieved by putting on the surface 

r 
x 

Figure 3.34. 'Ass~m~d'Ôirections-o("Statfonary Lines of Flow for the 

Antenna Structure shown in Figure 3.33. 

of the cylinder, Iines of flow parallel to its axis, and circumferential lines of flow in 

the planes perpendicular to the axis, as shown in Figure 3.35. There is a sound physical 

argument behind this mode 1 ing scheme. At any point P (Xl, yi, Zl) on the surface of 

the cyl inder, the current distributi on vector J can be resolved into two components such 
s 

that 
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y 

Figl,lre 3_.35. Simplified Stationary Flow Unes. 

(3.41 ) 

where, i
e

, is a unit vector tangential to the cyl inder surface and given by 

i
e

, = T cose -T sine 
x z (3.42) 

and T ,T are unit vectors in the x -, and z - directions, respectively. Obviously, x z 
Je' is the current component f10wing circularly in a plane perpendicular to the axis of the 

cylinder. Thus in effect, the wire model shown in Figure 3.35 has been achieved by mak

ing.separate models for the two current components, and then combining them together on 

the surface of the cylinder with fixed junctions at the points of crossings of stationery Iines 

of f1ow. Intuitively, one is led to conc\ude that the fixed junctions must be part of the 

complete model, for otherwise the Je' component outside the z -'x plane would not be 

flowing towards the feed point. More specifically, the junctions represent the points at 

which.the current vector ], is to be satisfied according to (3.41) • 

The number of axial Iines and circular loops for a given cylinder will of course 

be determined by the electrical dimensions of the cylinder, i.e. its diameter d and its 

length 1. For large d, more axial lines will be needed, and for a longer l , more 

circular f10w lines will be needed to make the wire mode 1 a good simulation of the cyl itldri

ca 1 surface. 
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3.5.1 (a) Segmentation Procedure 

Once the wire model is established, the next step is to determine the' 

number of segments required for current computation. ~he segmentation of the axial 

lines is straightforward as long as condition (3.7) is met. In segmenting the rings, 

experience from the sphere grid model suggests that they should first be divided into 

arcs, and then the arcs replaced by chords. The number of chords required to model 

each circle would depend on the value of d. The largest diameter that has been 

tested in the study is 0.25 À, and the circumference which is about 0.8 À is modeled 

adequately by six chords. * As shown in Figure 3.36 (a), each ring in Figure 3.35 is 

approximated bya regular hexagon. The axial lines are then drawn along the corners 

of the hexagons as illustrated in Figure 3.36 ~). In the modeling process, the value of 

1 was chosen to range between 0.48 À and 0.64 À. Since the current is.more concen

trated near the feed region, one of the guidelines discüssed earlier (Section 3.1.5) 

suggests that more rings be placed nea~ the centre and fewer near the cylinder ends. 

(a) 

figure 3.36. 

x y 

x 
Details of Segmentation for Cylirtdel with d ~ 0.25 À, and 1 ~0.48 À .• 

(a) a hexagonal model for a ring, ~) final wire modeling and seg
mentation scheme for Antenna Structure shown in Figure 3.33. 

Although this was attempted in experimental pattern measurements, the procedure was 

not followed in the computations for two reasons: (1) it was found (from an examina-

* The largest diameter chosen is weil within the À /3 limit established by. Miller 

. and others [52] in similar studies. 

': .. 1 
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tion of the computed patterns) that equal segmentation was sufficient ; and (2) as 

mentioned earlier, it would have required the preparation of a segment coordinate sub

program which would manage the varying spacing between the rings. Thus for a given 

value of 1 , the spacing between the circular lines (i.e. the length of each element 

in the axial direction) was fixed at a 0.08 ~. Therefore the number of segments 

along the axial lines varied from six to eight equal divisions. 

To make direct comparisons with the results of other workers [50], the 

radial dipole was also located at different distances from the surface of the cylinder. 

"In such cases, there will only be an induced current distribution on the surface of the 

cylinder. However, the same wire model shown in Figure 3.35 has been found to be 

adequate. 

3.5.1 (b) Modeling and Segmentation of "the" Remaining Surfaces 

The above mode ling procecfure can now be extended successively to treat 

the source locations and the conducting surfaces in Figures 3.32 (b) to 3.32 (f). The 

final models, where again d S 0.25 ~ and 0.48 ~ s"1 s 0.64 X, are shown in 

Figures 3.37 (a) to (e). It is important to observe the differences introduced at each 

step. For example, in Figure 3.37 (a) , two equally phased sources are considered, 

whereas in Figure 3.37 (b) , there is only one active source, and a parasitic stub has been 

added. In Figure 3.37 (c), the dipole and the parasitic stub have been moved to the 

right end of the cylinder. The presence of e lements a long a diameter at each end should 

be noted in Figure 3.37 (d). The radial stub has also been increased in length to stimu

late the rod A - 8 in Figure 3.31. The diametric element at the left end is placed to 

approximate the loop section (shown in a dotted line in Figure 3.32 (g» of the surface 

replacing the thin wire body. Finally, the conical surface, for which a separate seg

mentation subprogram had to be written, was modeled as shown in Figure 3.37 (e) • 

The line representing the rotor blades (C - 0 in Figure 3.31) can be 

easily added to the final cylindrical model of Figure 3.37 (d) as shown in Figure 3.38. 

The position of rotor blades parallel to the axis of the tai! structure is simulated, but the 

line can be placed in any direction (in a plane parallel to the x - y plane). Thus the 

effect of rotor position can be examined. 
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Figure 3.37. W:re-Grid Models and Segmentations or the conducting Sl)rfa~es 
\Vith Radial Dipole shown in Figures 3.32 (t» te. 3.32 (f) 
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Figure 3.38. Simulation of Il Rotor Blades". 

So far, nothing has been said about structural symmetry in the develop-

ment of the wire models illustrated in Figures 3.36 and 3.37.· Although the current 

distribution in the various segments is obviously symmetrical about the z - y pla~e, no 

attempf has been made to reduce the number of unknown elements. That this can be 

done has already been demonstrated for the simple radiating surfaces. However, the 

main objective with the structures just considered has been to move through the modeling 

sequences towards the thin wire body. It is c1ear that except for two orientations (i.e. 

in the z - y and z - x planes) the horizontal Hne in Figure 3.38 will disturb the sym

metry of the structure. Consequently symmetry considerations were set aside. 

The final current and pattern computations made for the above structures are 

summarized in a condensed form in Table 3.5 where the electrical dimensions used and 

the corresponding numbers of wire elements are indicated. The symbols used in the table 

are defined as fol! ows : 

d = 
1 = 
dp = 

L = 

diameter of cylinder or cone base, 

length of cylinder or cone, 

distance from centre of radial dipole to nearest 
surface of cylinder, 

number of circular wires on structure, 



RADIATING 
STRUCTURE 

Fig. 3.36(b) 

Fig. 3.37(a) 

Fig. 3.37(b) 

Fig. 3.37(c) 

Fi g. 3.37 (d) 

Fig. 3.37(e) 

Fig. 3.38 

TABLE 3.5. 

SUMMARY OF CURRENT AND PATTERN COMPUTATIONS MADE FOR SURFACES 

OF REVOLUTION WITH RADIAL DIPOLE(S) AND PARASITIC STUB 

ELECTRICAL SEGMENTATION AND 
DIMENSIONS - NUMBEROF WIRE ELEMENTS 

AXIAL CIRCULÀR 
UNES UNES TOTAL REMARKS OR 

d dp (MR) (L) -(NWS) DETAILS 

lA 0.112 X 0.48 X 0.625 X 6 7 79 One Radial Dipole located 
lB 0.112 X 0.48 X 0.125 X 6 7 79 at three diffen.~nt distances 
IC 0.112X 0.48 X 0.25 X 6 7 79 from surface of cylinder. 

ID 0.25 X 0.48 X 0.05 X 6 7 79 Pattern computed for comparison. 

Il 0.25 X 0.48 X 0.05 X 6 -7 80 Two Radial Dipoles. 

III 0.25 X 0.48 X 0.05 X 6 7 80 One Radial Dipole and one stub. 

IV 0.25 X 0.48 X 0.05 X 6 7 80 Dipole and stub at one end of 
cylinder. 

V 0.16 X 0.64 X 0.04 X 6 9 109 Radial stub 0.16.X long. 

VI 0.16 X 0.64 X 0.04 X 6 9 95 Truncated cone. 

VII 0.16 X 0.64 X 0.04 X 6 9 121 Il Rotor Il line 0.92 À long. 

Note: The symbols d, 1 1 dpI MR 1 Land NWS, are defined in the text. 

--' 
--' ..... 

-'-



MR = 
NWS = 

number of chords modeling one circular wire, 

total number of wire segments. 
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As shown below, the values of NWS listed in Table 3.5 vary slightly from structure 

to structure. 

STRUCTURE (S) NWS 

lA, IB~ IC, ID MR x (2xl-1) + 1 

Il, III, IV MR x (2xl-1) + 2 

V MR x (2xl-1) -+ 7 

VI MR x (2xl-3) + 5 

VII MR x (2 x l - 1) + 12 

3.5.2 Segmentation of the Thin Wire Struêture 

Segmenting a given thin wire structure into small wire elements involves 

essentially two steps [56]. First the directions of current flow on the various wires in 

the structure are assigned. Then for each wire element, the coordinates of the current

inflow point and the current-outflow point are specified with respect to a fixed coordinate 

system. Thus, from. six x, y, z coordinates, the parameters needed for current compu

tation - i.e. length of e lement, its centre coor.dinates, and its angular orientation are 

determined using simple trignometric relations. The wire radii have, however, to he 

supplied separately. If wires which are continuous hetween junctions are too long, they 

must be divided into smaller segments. However a limit to the total number of wire ele

ments that can he used is the size of the core memory available and the cost of compu

tation. This may also require finding those wire members which are situated far from the 

source relative to other segments, or members that are located in a IIshadow" region with 

respect to the sourc~, if their influence on the current distributions may be neglected so 

that they can be omitted. It is imperative that this be done judiciously, and it is clear 

that considerable guess work is involved. 

The above general method can now be applied to the structure shown in 

Figure 3.31. A section of the body near the feed region is re-drawn in Figure 3.39 where 
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Figure 3.39. Coordinate System for the Thin Wire Structure. 
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coordinates are also defined with the origin at the source point. To specify uniquely 

the typical segment shown, the coordinates of its end points, P (x 1 ' Yl ' %1) and 

P (x2 ' Y2 ' %2)' were determined from a detailed drawing, and the procedure ex

tended to ail the other segments identified for current computation. The six coordinates 

were then used to evaluate the segmentation parameters for each wire element, namely: 

centre coordinates, length and angular orientation. As noted earlier, the wire radii were 

also supplied to the current computation program. 

Two forms of the thin wire structure were considered, namely, with and 

without the rotor blades. For the latter case, only two rotor positions were considered. 

However more extensive applications :0 more complex structures or configurations have 

been studied and refined as reported by Kubina and others [82J, Pavlasek and others 

[83J, Kubina [84J . 

3.6 Summary 

The material presented in this chapter represents about one half of the ori

ginal contribution, reported in this study. The second half is related to the efforts made 

-1 
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to obtain experimental radiation patterns, and the procedures followed will be out

lined in the next chapter. But it is essential to take stock of what was contributed 

in the realm of current distribution computation. The aim was to demonstrate how 

the wire grid analysis technique might be applied systematically to simple and complex 

radiating conducting surfaces excited by wire antennas. The central idea, it has been 

shown, is the method of establishing a computational wire model. It has been suggested 

that there could weil be some "canonical rul~s" to follow in order to arrive at a 'cor

rect" model. . Although it is still not possible to state generalized rules precisely, the 

concept of "stationary Iines of flow" has been applied to provide a starting point for 

the modeling process. It has been discus~ed qualitatively that the distribution and orien

tation of the Iines are dependent on the geometry of the structure and the location of the 

source. Equally important, the two source representations which were described in 

Chapter Il have been shown to be equally useful. Attempts have been made to show 

the effects of e lectrical dimensi ons and / or of varying the number of wire grids on the 

computed current distribution on a sphere with a monopole or a cylinder with an axial 

dipole near its surface. Computational efficiency was achieved for the simple surfaces 

by exploiting symmetry. The significance of the wire radius has been investigated in 

some detail. The awareness of its influence on computed current distribution has greatly 

simplified the application of the technique to a structure with non-uniform wire members. 

Finally, it has been shown that a complex conducting body with a wire antenna mounted 

on or near its surface can be evolved gradually from simple surfaces of revolution. 
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CHAPTER IV 

METHOD OF RADIATION PATTERN MEASUREMENT 

4.1 Significance of Experimental Patterns in this Work 

One of the objectives of the present investigation from the start has been 

to complement the computed radiation patterns by experimental measurement. The ex

perimental study followed the numerical modeling very closely. After some experience 

·with computations for straight wire antennas, it was seen that it would be far more im

portant to test the validity of computed patterns by direct comparison with measured 

patterns rather than to devote too much t1me to refining the numerical technique sti Il 

further. In any case, even if such refinements were developed, they would have applied 

only to specialized configurations such as those referred to in Section 2.3.2, but would 

not have contributed mu ch to the structures modeled in the previous chapter. 

As it turned out, the experimental work was very beneficial to the improve

ment of the computational procedures. A number of minor but subtle approximations in the 

current distribution computations could not have been made at ail without the physical in

sight obtained from the actual antenna models, and their measured patterns. The important 

approximations which influenced the current computation schemes directly or indirectly 

were: (i) the location of the source and its representation, (ii) the significance of the 

wire radius parameter, (iii) the testing of various grid models for a given antenna struc

ture, and most importantly, (iv) the abil ity to compare directly wire grid structures and 

their continuous surface equivalences, or vice versa. 

The measured patterns, which are presented in the next chapter, were obtained 

for structures whose largest dimensions (Iength, width, or radius) varied from about 0.5 À 

to about 1.25 À • Although most of the measurements were made between 600 and 

1000 MHZ, radiation patterns were also measured at 2600 MHZ. In the following sec

tions, the facilities, the construction of the antenna models, and the experimental pattern 

measurement technique are discussed separate Iy. 



122 

4.2 Experimental Facility 

The measurement of radiation patterns other than on an outdoor range re

quires the use of an anechoic room, instrumentation for measurement and recording and 

the field sensing probe with its positioning mechanism. The pattern measurements re

ported have made use of an available experimental facility that was specially developed 

to allow a wide variety of different measurement. It has been described elsewhere by 

Pavlasek and Kubina [85J, [86J , [871 , and Kubina [84J. Only the essential com

ponents are listed here. 

4.2 (a) UHF Anechoic Chamber 

A broadband (500 MHZ and up) UHF, free-space environment has been 

simulated bya roofless polygonal, fourteen-sided chamber whose inscribed circle is 2.25m 

and wall height is 3 m • The floor and walls 'of the chamber are covered with Type 

BB16-and BP24 McMillan absorber, respectively. The BB material, which is in the 

shape of "building blocks" was also used as a "walkway,r path in the floor. The BP 

is a standard absorbing material in pyramidal blocks. Both absorbers are enclosed in black 

polyethylene (5 mils thickness) sheeting as a protection against the weather. As shown 

i~ Figure 4.1, the important features inside the chamber are a rotatable antenna mount 10-

cated at the centre of the floor, an inner polystyrene and an outer plywood circular arch 

for probe mounting. The outer arch is about 2 m in radius, and has angle markings at 

five degree intervals, ànd a span of 110 degrees. The inner arch is 1.2 m in radius, and 

has one degree markings over a span of 130 degrees on two sides of a centre vertical line. 

A movable probe carriage with a vernier scale is attached to the inner arch. A number of 

HPY - 24 Eccosorb (Emerson and Cumming) absorbers have also been spread on the floor 

to fil! holes and coyer exposed metallic surfaces that are part of the inner arch assembly. 

The centre point of the anechoic chamber is about 8 m away From an indoor control room. 

4.2 (b) Instrumentation 

The signal source, power monitoring, signal strength measuring and record

ing arrangement is shown in Figure 4.2. The assembly consists of the following units : 
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. UHF Anechoic Chamber with the Antenna Mount at the 

Centre and the Two Arches Used for Probe Mounting. 

Signal Source, Measuring and Recording System. 

'\ 
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UHF Anechoic Chamber with the Antenna Mount at the 

Centre and the Two Arches Used for Probe Mounting . 

Signal Source 1 Measuring and Recording System. 
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1 AIL 125 C Signal Source 

1 HP 8410 A N€Jtwork Analyzer 

1 HP 8405 A Vector Voltmeter 

1 HP 431 B Power Meter 

1 . Polaroid OUI Spectrum Analyzer 

1 HP 7035 8 x-y Recorder 

1 HP 7100 8 Strip Chart Recorder 

1 HP 393 A Variable A 

1 Siera 137 A Oirectional Coupler 

1 Philco 640 A Oirectional Coupler 

1 RL14 Sine-Cosine Potenti ometer 

1 HP 350 A Attenuator Set 

1 Speed Control Circuitry which also includes two selsyns 

., (run in parallel with two other sylsens inside the anechoic 

chamber driving an EEL azimuth rotator), compass to in-

dicate azimuth position of antenna. 

The complete equipment schematic is shown in Figure 4.3. 

4.3 Experimental Mocieis of Conducting Bodies and Wire Antennas 

The experimental models for which radiation pattern measurements were made 

are the following : 

(a) 1/4 À monopole on spheres, 

(b) a short monopole on finite disks, 

(c) axial dipoles mounted on the sides of conducting cylinders, 

(d) corner reflector antenna 6 

(e) short radial dipole mounted on a cylinder, 

(f) short radial dipole on a simulated helicopter tail structure. 

The list follows the wire-grid models for which current computations were made as described 

in the previous chapter. The significant features of each structure ·will now be examined. 
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4.3 (a) 1/4 '" Monopole on Spheres 

Although the spherical surface was relatively simple in the mathematical 

modeling, the construction of its physical models was more challenging. As shown in 

Figure 4.4, one sphere with a continuous surface and three spherical grids were pre

pared. Each sphere has a radius of 12.7 cm, and at 600 MHZ, 750 MHZ and 

900 MHZ, the correspQnding electrical radii would be '" / 4, 5'" / 16, and 3 À /8, 

respectively. The material used for the continuous sphericCiI surface is bronze. It was 

first sand-cast in two halves, and these were then machined to a poli shed surface. The 

three spherical grids (with 32, 24, and 16 lines each), and three monopoles were 

prepared fromobrass wire of 1/16" diameter. To hold the grid struc!ure firmly, a hol

low plexiglass tube was placed across the ends of the wires. The height of the monopole 

had to be kept constant at three different frequencies (i.e., 600 MHZ, 750 MHZ 

and 900 MHZ) , and th us three different monopole lengths were chosen: 12.7 cm , 

12.2 cm and 8.4 cm. The mounting of a monopole was simply done at one end of the 

plexiglass, but as described later in the method of measurement, the feed cable for the 

spherical grids was not run directly through the plexiglass tube. 

4.3 (h) Short Monopole On A Disk 

Each of the continuous surface and radial disk models shown in Figure 4.5, 

has a radius of 5.7 cm which corresponds to about 0.5 À near 2600 MHZ. The short 

monopole used was a Type SM 204 CC Omni Spectra probe antenna with a height of 

about 0.16"'. It can be noted that one radial wire structure has a bonding ring, and 

this was designed to test its effect on the measured patterns. The number of radial wires 

was varied from ~our to twenty four. The monopole was fed coaxially at the centre of 

each disk. 

4.3 (c) Dipole Antenna Axially Mounted on Side of Cylindrical Support . 

The mode Is were made of two styrofoam cylinders with diameters of 5 cm 

and 10.2 cm, respectively, and both about 30 cm high. When continuous surfaces 

-- ,. 
- v 



127 

o 

Figure 4.4. Solid Sphere and Three Wire Grid ( 32, 

24, 16) Meridians with Mounte~ Monopoles. 

() Figure 4.5. Continuous Surface Ground Plane Disk 

and Four Radial Wire Models. 

~- . 
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Figure 4.5. 
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Solid Sphere and Three Wire Grid ( 32, 

24, 16) Meridians with Mounted Monopoles. 

Continuous Surface Ground Plane Disk 

and Four Radial Wire Models. 
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were required, the cylinders were covered by aluminum foil. The wire grid structures 

were made by pasting strips of self-adhesive thin copper tape on the surface of the 

cy1inders paraHel to their axes. 5trips of 0.3 cm width were used. At 1000 MHZ, 

the cylinders would have diameters of >. /6 and >. /3, respectively. Four strips 

were placed on the smaller diameter cylinder, and six strips on the longer cylinder. A 

balanced dipole antenna was mounted axial1y parallel on the side of each cylinder by 

means of a rigid coaxial cable. The unbalance - to - balance transformation From the 

coaxial cable to the dipole was made using -} slots following similar designs by Kub,na 

[84]. Each dipole antenna had a height of a half wavelength at 1000 MHZ, and was 

constructed from a thin silver-copper alloy. wire of about 36 mils in diameter. 

4.3 (d) Corner Reflector Antenna 

The corner reflector antenna was modeled using acrylic plastic plates for 

the fundamental structure. The reflector walls were hinged at the corner and their an

gular position determined by a protractor scale on a supporting base plate. The dipole 

antenna was similar to the one used in the cylindrical ma st case both in its construction 

and mounting. The reflector height (H) was designed to be 1.0 >. nearl000 MHZ, 

and two side widths (5) were chosen : 0.5 >. and 1.0 >.. Again, copper tape strips 

about 0.6 cm wide were used to model the grids and aluminum foil used to obtain con

tinuous surfaces. The half-wave dipole was mouhted symmetrically at a distance of 0.25 À 

From the corner line. 

4.3 (e) Cylinder with Short Radial Dipole 

The thicker styrofoam cylinder with six strips described above was also used 

to model a finite cylinder with a radial dipole on its centre. Circumferential strips were 

added as described in Chapter III taking due care to obtain adequate bonding at the junc

tions. The radial dipole used was the 05M 204CC Omni Spectra short antenna . 
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4.3 (f) Thin Wire Structure (Helicopter Tail Section) with Radial Dipole 

From the design and construction point of view, the helicopter tail sec

tion was the most difficult to model. As shown in Figure 4.6, the truss members have 

many junctions. These had to be dressed to ensure permanent contacts. Those points 

at which the iunctions teJ:lded to become loc~e due to structural stress during pattern 

scanning were carefully reinforced with the adhesive copper tape material. Most of 

the wires used in the structure were brass of 1/16 inches in diameter, but the support

ing rod was 1 /4 inch in diamet~r. Ath the tail end, there were also segments of 

1 /8 inch diameter. Rotor blades were mocleled from thin brass sheets of 9 /16 inch 

width. The OSM 204CC Omni Spectrq short antenna was used for testing and preli

minary measurements. In the final measurements, it was replaced bya longer dipole of 

about 0.2 X near 675 MHZ. The significant electrical dimensions of the structure 

have already been give" in Figure 3.31. Again, by covering the structure with aluminum 

foi 1 , a continuous conducting surface was obtained. 

Figure 4.6. Thin Wire Structure (Helicopter Tail 

Section) with Radial Dipole. 
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4.3 (f) Thin Wire Structure (Helicopter Tail Section) with Radial Dipole 

From the design and construction point of view, the helicopter tail sec

tion was the most difficult to model. As shown in Figure 4.6, the truss members have 

many junctions. These had to be dressed to ensure permanent contacts. Those points 

at which the junctions tel.1ded to become lo(.'~;e due to structural stress during pattern 

scanning were carefully reinforced with the adhesive copper tape material. Most of 

the wires used in the structure were brass of 1/16 inches in diameter, but the support

ing rod was 1 /4 inch in diamet~r. Ath the tail end, there were also segments of 

1 /8 inch diameter. Rotor blades were modeled from thin brass sheets of 9/16 inch 

width. The OSM 204CC Omni Spectra short antenna was used for testing and preli-
-

minary measurements. In the final measurements, it was replaced by a longer dipole of 

about 0.2 À near 675 MHZ. The significant electrical dimensions of the structure 

have already been given in Figure 3.31. Again, by covering the structure with aluminum 

foi 1 , a continuous conducting surface was obtained. 

Figure 4.6. Thin Wire Structure (Helicopter Tail 

Section) with Radial Dipole. 
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ln addition to the computational study, a motivation for constructing 

this structure was to make preliminary st",dies of rotor modulation effects on a scaled 

mode 1 (1 : 20) of a Bell 47 G - 2 A helicopter. A further and more extensive 

study of the problem has been made for a complete helicopter model by Kubina [84J. 

4.4 Radiation Pattern Measurements 

The basic considerations of type of pattern and polarizations, the general 

measurement procedure, and finally the radiation pattern measurements for the six struc

tures are to be considered in this section. 

4.4.1 Basic Considerations: Type of Patterns, Coordinate System, 

and Polarization Compone nt 

It is essential that the type of radiation patterns measured, the coordinate 

system used, and the polarization components be c1early identified from the outset. 

Type of Patterns 

The only concern in the present experimental work has been the measurement 

of electric field strength patterns. In one or two cases, power patterns were also taken. 

Sorne attention was also given to phase behaviour. 

Coordinate System 

The two arches in the anechoic chamber shown in Figure 4.1 have as a com

mon centre a point on the axis of the antenna turntable. The usual spherical co~rdinate 

system shown in Figure 4.7 is therefore defined at this centre point as the origin [41 J , 
raa J. While the origin was fixed, the coordinate axes however were occasionally ro-

tated to fit a particular antenna structure and mounting. The angular coordinates 

elevation angle 9, and azimuth angle cp are the only significant ones' since the pattern 

measurements were made in far field regions following the Fresnel - zone criterion 
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Figure 4.7. System of Spherical Coordinates used 

in Radiation Pattern Measurement. 

where D was taken as the largest dimension of each structure. 

Polarization 
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(4.1 ) 

At the. observation point (R, e, cp) shown in Figure 4.7 , the electric 

field in general was considered to be elliptically polarized with components Ee and 

E cp. Hence, whenever necessary or possible, E e versus tp, or E cp versus cp were 

measured for various e - principal plane cuts. It will be indicated below how this was 

done by mounting a probe dipole in one or two orientati ons. Other measurements made 

were, E e versus e, and E cp versus fr) for different cp - plane cuts. 

4.4.2 Basic Measurement Procedure 

The method of measurement discussed below was developed by· Kubina [84J. 

Considerable core and effort is needed in such measurements to obtain dependoble opera-

., 
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tion ofthe system and reliable results. The following is an outline of the essential 

adjustments and operating procedures. 

The equipment schematic given in Figure 4.3 has the essential compo

nents of apparatus for antenna pattern determination. When a vector voltmeter is 

used a CW signal is required and since a phase measurement is also involved, a re

ference signal channel is required. Signal purity, amplitude and frequency stability 

are monitored bya spectrum analyzer, power meter and frequency counter. Ampli

tude stability was continuously monitored. 

Unlike usual outdoor range procedures, the antenna under test was ener

gized. The measuring probe was an E - type dipole (approximately 1;2 À or less). 

The analog signal output from the vector voltmeter was recorded on an X - Y pIotter 

arranged to operate as a polar piotter. This was achieved by driving a sine-cosine 

function generator by the vector-voltmeter output and a qJ position signal from the 

azimuth rotator, thus generating V cos qJ and V sin cp serving as the X and Y in

puts to the piotter. A rectangular coordinate pattern on a strip chart recorder was 

also recorded simultaneously. Since the patterns measured were to be normalized for 

comparison with computed patterns, no attempt was made to calibrate the voltmeter 

and the powermeter, although the signal field strength was monitored. 

Rotation of the antenna mount was physically possible only in the hori

zontal plane about a vertical axis. However, as indicated earlier, by re-defining the 

proper coordinate system and also by properly orienting the dipole probe, either E 9 

versus 9 , or E 9 versus qJ and E CD versus qJ could be measured, depending on the 

antenna structure. For each pattern scan, the positioning of the radiating structure, 

probe alignment, and the compass zero settings were carefully determined. Azimuth 

, position of the rotator was indicated on the strip chart recordings by markers generated 

in synchronism with the rotator posiHon in order to provide position calibration. 

Point-by-point measurements were attempted for some structures with the 

probe mounted 011 the inner arch. However, because of difficulties involved in chang

ing the probe position, and the recording of the output data, this tedious procedure was 

of necessity avoided as mu ch as possible . . 
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4.4.3 Pattern Measurements 

Patterns of six antenna systems were measured using the general procedure 

outlined above. Specific details concerning the mounting of each antenna and a 

qualitative appraisal of the influence of absorber positioning are now discussed. A 

summary of the pattern measurements made is presented in tabular form. 

4.4.3 (a) Antenna Mounting and the Measurements Made 

Table 4.1, below lists the antenna models whose patterns were measured, 

the significant dimensions, the field cornponents and the coordinates within which they 

were studied. 

The coordinates used and the planar cuts in which the patterns were measured, 

determined in each case the specific geometric form of the mounting to be used and the 

position of the antennà coordinates relative to the rotator and probe coordinates. For 

example in the case of the monopole on a sphere the sphere wa$ mounted with the mono

pole axis either colinear with or perpendicular to the rotator axis. In each mounting 

case, however special care had to be taken so that the mechanical structure used would 

be sufficiently rigid and accurate to ensure correct positioning of the model's coordinates 

relative to the rotator and measuring probe without disturbing the modePs impedance 

structure. In addition it is essential that the mounting should not disturb the electrical 

structure of the model. Use of dielectric materials is thus indicated wherever possible, 

but as sparingly, since even with dielectric structures, scattering effects will be present 

[89]. Furthermore, a connecting cable is required in most cases unless the antenna is 

large enough to contain a small battery operated service. A self-contained source how

ever makes phase measurements difficult since provision of a reference signal then requires 

a high resistance cqble or a not too reliable second measuring probe, hopefully located 

in an uncarrying portion of the field. 

The above mentioned mounting problems th us result in design compromises 

among the three mutually contradictory requirements of mechanical mounting, electrical 

environm~nt and instrumental arrangement. The materials used for the resulting mount

ings were either PVC or phenolic plastic forms. In the above mentioned mounting 



TABLE 4.1. 

SUMMARY OF PA TIERN MEASUREMENTS 

ANTENNA STRUCTURE 

CONTINUOUS SURFACE 

A /4 Monopole mounted 
on sphere of radius R 

s 

2 0.166 A monopole moun
ted on disk of radius Rd 

3* Dipole Antenna of height 
hd mounted axially at a 
distance S from the sur
face of a cylindrical mast 
of height h and d ia
meter D c . 

4* Corner Reflector Antenna 
with 0.5 A dipole moun
ted 0.25 A from apex of 
reflector of width Sand 
height H, and corner 
angle p 

5* Radial dipole mounted on 
a cylinder of diameter d 
and length 1 

6** Radial Dipole on "heli
copter tail structure" 

WIRE-GRID MODEL 

16, 24, 32 
Meridian wires 

8, 12, 16, 24 
Radial wires 

4 axial thin cop
per strips 

6 axial thin cap
per strips 

9 thin copper 
strips each 0.6 mm 
wide (~0.02 A) 

17 thin copper 
strips 

6 axial thin cop
per strips ; 7, 9 
circular aluminum 
foil strips 

Structure already in 
wire-grid Form 

SIGNIFICANT 
ELECTRICAL 

DIMENSIONS 

(0) Rs A$ A /4 

~) R RI 5A/16 s 

(a) D = 0.126 A 

FiElD 
COMPONENTS 

MEASURED 

Ee versus a 

fa versus a 

h A$ 0.76 A, Ee versus fP 
h: RI 0.38 A 

~) D = 0.167>' 
h RI 1.0 A Ea versus fP h: ,., 0.5 A 

(c) D = 0.33 A 
h RI 1.0 A h: RI 0.5 A 

(d) D = 0.202 >. 
he RI 0.6 A Ea versus tp 
hd RI 0.3 A 

(e) D = 0.28 A 
h A$ 0.82 A h: A$ 0.41 A 

(f) D = 0.33 A 
h RI 1.0 A h: RI 0.5A 

S R:$ 0.5 A 
H RI 1.0 A 

S R:$ 1.0 A 
H RI 1.0 >. 

d RI 0.21 >. 
1 R:$ 0.61 >. 

Dimensions 
given in 
Figure 3.31 

Ea versus tp 

E versus tp a 

Ea versus tp 

Ea versus 
a (tp=O") 

fa versus tp 

Ea versus 
a (tp= O") 

fa versus cp 

Ecp versus tp 

* 
** 

Measurements repeated with structures covered with aluminum Foil. 
Measurements partially rcpeated witl! structures covcred wi.th aluminum Foil. 

PARTICULAR 
DETAILS 
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For bronze sphere, pattern measure 
ments made with external source an 
self-contained source. 

External source. Influence of cir
cular (ring) bonding wires on wire
grid modeling alsa investigated. 

External source. 

s = 0.755 >. 
Extera:tal source. 

s = 0.368 >. 

External source. 

s = 0.28 >. 

External source. 

S = 0.686 >. 

External source. 

S = 0.75 >. 

External source. 
S = 0.914 >. 
External source. 
p. = 60°, 90°, 120°, 130° 

P = 90°, 130° 

p = 60°, 90°, 110°, 120° 

P = 90°, 110° 

External source. Precautions were 
taken to maintain good electrical 
contacts at the junctions of the 
oxial and circular strips. 

6xternal source. 
a = 60° , 70°, 80°, 90°, 100° 
Three basic measurements 

(a) without rotor blades, 

~) with rotor blades in paroI/el 
(i.e. to axis of structure) 
pOsition, 

(c) with rotor blades in perpendi
cular position. 
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problems the most serious one is that arising from the presence of the exposed cable 

leading to the model. Typical mountings for the short monopole place:J on radial 

ground wires and for the mast-supported dipole are shown in Figures 4.8 and 4.9 

respectively. 

It is well-known that in pattern measurements than the exposed cable does 

introduce pattern distortions [90], [91]. Thus the general practice is to have such 

cable covered by absorber and located to minimize its perturbing effects. Of the six 

structures considered here, the sphere grids, the thin wire structure, and the disk had 

portions of cables exposed near their antenna base. In the latter case, it was a rigid 

coaxial line, and the only thing possible was to cover it with an absorber. In the case 

of the helicopter tail section, it was possible by proper design to place the cable inside 

the relatively large brass rod (see Figure 4.6). For the spherical grids, the cable was 

not taken through the plexiglass tube (Figure 4.4), but along one of the wire grid meri

dians. These precautions were part of the experimental model design, and their effec

tiveness confirmed by extensive preliminary testing. 

An attractive method of avoiding fced cable interference would be by using 

a self-contained source operated by a battery inside the model. However, in the case 

of the small scale antenna systems, this is not always possible. In addition unless special 

provisions are made (which again introduce new metal structures) , the measurement of 

phase is precluded. Consequently, this technique was Iimited to the solid spherical struc

ture. 

4.4.3 (b) Anechoic Chamber Characteristics and Performance 

The dimensions and basic layout of the anechoic room are shown in Figure 

4.10. The shape and arrangement were chosen to accommodate a centraUy located model, 

rotatable in azimuth, while allowing three dimensional positioning of the measuring probe 

as we II. The location of the chamber on a bui Iding roof, its shape and size, its .. open 

sky" (with removable weatherproof radome) feature were chosen to maximize the enclosed 

volume while minimizing costs. The detailed design and proof of performance tests are 

described elsewhere [84J. The 'free-space ' region available and the 1 quiet zone 1 re-

/\ 
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quirements were sufficient for the measurements mode. A telling check on the room 

performanc~ was made for some test models which were also measured on a full scale 

open air antenna range (Canadair Microwave Antenna Range, Montreal) giving iden

tical results [84] . 

, Some interesting difficulties which are worthy of note were encountered 

however, which mig~t be attributed to the anechoic room and the location of absorber 

material, especially on the floor. 

The first difficulty relates to weather during heavy rainfall. Inconsistencies 

developed in sorne patterns and 'noisy' patterns would result. The root cause of this 

was not ultimately diagnosed. However, the trouble departed with clear dry weather. 

Suspicion is directed however to the 'radome' coyer and to the effect of air moisture 

on the absorber. A second noteworthy difficulty was one whose symptoms were lack of 

repeatabi lit y and the appearance of dissymmetry (even for clearly symmetrical cases) in 
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the case of sorne measurements especially those made in the 600 -700 MHz range. 

Eventually the distortions were traced to sorne absorber material laid on theroom 

floor which was inappropriately placed. Relocating and rearranging of the floor ab

sorbers eventually yielded satisfactory results. While there appeared to be no obvious 

systematic feature to thisproblem, it was found that essentially random positioning of 

the absorber was the best. 
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CHAPTER V 

DISCUSSION OF COMPUTED AND· MEASURED PATtERNS 

5.1 Introduction 

The wire-grid modeling method was applied in Chapter III to compute 

current distributions as a first step in the determination of radiation patterns of the a~

tenna structures considered. The previous chapter described the experimental procedures 

used for pattern measurements. This chapter contains a systematic presentation and a 

comparative evaluation of the computed and experimental patterns. 

The scope of the discussion will be described further on. However, 

sorne additional details about the radiation field computation scheme are first necessary. 

After the approximate current distribution is computed for a given antenna system, the 

ES and E fP patterns are determined using (2.93) and (2.94), respectively. A flow 

diagram for the computation routine is illustrated in Figure 5.1. First the principal

plane cuts are chosen, the current distribution data is supplied, and the pattern is then 

calculated. The pattern can then be normalized and plotted directly in rectangular co

ordinates using a line printer. If the resulting pattern is found to differ significantly 

from a known or an experimentally determined pqttern, the complete computation scheme, 

including the evaluation of the current distribution is re-checked, as indicated by the 

dotted line. 

The significant features of the computed and measured patterns are dis

.cussed in two main stages. First the computed results are considered. The aim here is 

to demonstrate the logical steps involved in developing the modeling procedure. The 

steps are first, the testing of the computation program on simple structures, secondly the 

study of the dependence of the pattern on the number of current elements, and finally the 

application to the analysis of more complicated structures. In the second stage the mea

sured and computed patterns are compared. There are four subsections. First examp les 

of fields which ilIustrate the characteristics of the anechoic chamber are considered. Next, 

1 
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some discussion is devoted to the equivalence of continuous conâucting surfaces and 

their wire-grid models, thus providing an experimental validation for the wire model

ing procedures described earlier. Then the influence of the wire radius parameter on 

pattern computation is examined with reference 'to the short monopole mounted on twelve 

or sixteen radial ground wires. The final section makes direct comparison of computer 

and measured patterns both for wire-grid and continuous surfaces in the case of four an

tenna structures, namely : 

(1) sphere-mounted monopole, 

(Ii) mast-mounted dipole, 

(Iii) corner-reflector antenna, . 

(Iv) radial dipole mounted on a helicopter tai! section. 

Wh île it wi 1\ be found that the comparisons are satisfactory on the whole, patterns for 

which disagreements were noted are also ,cited. The causes of the discrepancies May be 

attributed either to the inadequacy of computational models or to basic measurement con

straints. 

5.2 Discussion of Computed Patterns 

5.2.1 Testing of Computation Scheme 

As summarized in Table 3.1, the main .object in carrying out the extensive cur

rent computations for a 1 /4 À ~onopole mounted on different sphere mOOels was to 

establish the validity of the assumptions employed (e .g. source representation), and 

also to te~t the general computation schemè. Figure 5.2 shows the radiation patterns 

(relative power) on a rectangular plot for sphere radii of À /8 and À /4 , respectively. 

The agreement of the wire-grid model results is very goOO with those published by Tesche 

and Neurether [49J for the smaller sphere,and reasonably fair for the larger radius ex

cept in the nuit' region. * Both finite - width gap and magnetic frill source representations 

were tested with the latter sphere radius. As discussed earlier, since the current distri

butions were found to differ by a constant multiplying factor, the normalized patterns were 

also identical. 

* Patterns given in Reference [49J have in turn been found to agree weil with com

putations described in Reference [54 J . 
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5.2.2 Influence of Current Elements on . the Computed Patterns 

ln seeking more 'correct' wire-grid models, a systematic search was 

conducted to determine the influence of the number of current elements used in the 

wire modeling process. As described in Chapter III the number of segments and wires 

in thegrid used in computations we~e varied according to the following tests : 

(a) the number of ~ires in the grid representing the "stationary lines 
of flow" and the number of segments into which each wire was di
vided were varied , 

(h) the number of wires in the grid was varied, but the number of 
segments into·which each wire was divided was held fixed ! 

(c) the number of wires in the grid was kept constant, but the seg
ment length distribution was varied. 

Figure 5.3 iIIustrates the convergence in the minimum region of the radiation pattern 

for the 1/4 ~ monopole mounted one of the spheres (R = ~ /4) mentioned above. 
s 

The four different patterns shown, as Ii~ted in Table 3.1 are for the sphere modeled, by 

16, 24, ?4 and 32 stationary lines of flow, and with the meridians divided into 16, 

16, 25 and 25 segments, respectively. It is notable that in this test the resulting 

pattern in each case was not changed significantly even when the number of elements was 

greatly increased from 256 to 800 • 

For the second test the variation in the radiation pattern of the disk-mounted 

monopole was investigated. Patterns are shown in Figure 5.4 for four different numbers 

of radial wires~ and an experimentally measured pattern for a continuous disk is included 

as a reference. In progressing from eight to twenty-four wires, it can be seen that 

in,the minimum region, the computed pattern approaches the reference pattern gradually. 

However, it is significant to observe that the patterns in the upper e region (9 < 80 ) 

practically coincide with each other. One possible explanation that can be put forward 

is that in this region, the current distribution on the monopole dominates the radiated 

field, whereas in the region below the plane of the radial wires the monopole is largely 

screened off. Thus as more radial wires are added to simulate the ground disk, the more 

effective the screening becomes, and hence the deeper the minimum becomes in the com

puted pattern. 
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Similar computations were carried out for the mast-mounted dipole where 

the number of current filaments modeling the cylindrical supports was varied from 4 

to 6 for a cylinder diameter of ~ /8 , and from 6 to 8 for cylinder diameters of 

X /4 and ~ /2. Typical patterns are shown in Figures 5.5, 5.6 'and 5.7, for 

various separation distances of the dipole antenna from the cylindrical surfaces. In 

each case it is seen ,that the patterns are very cl ose to each other, and thus the mode 1-

ing criteria which were postulated i,n Chapter III for this antenna structure appear 

justified. However, further just!fication is needed to substantiate the choice between 

,4 or 6 strips, and 6 or 8 strips to represent the ma st . This will be done after the 

experimental patterns have been presented. 

Another structure that was found well-suited for the above testing of the in

fluence of the number of segments on c~mputed patterns, was the corner reflector antenna. 

ln Figures 5.8 and 5.9 are shown the horizontal (H - plane) and the vertical (E

plane) patterns of a frame which is 1.0 X wide and 1.0 X high witIJ a corner angle of 

1100 
,and a half-wave dipole antenna placed at 0.25 X from the corner edge. The 

computations were carried out for 17 and 21 current filaments, respectively, modeling 
, . 

the reflecting sides, and experimental patterns have been taken from the work of Wilson 

and Cottony [78] for reference. It can be seen that for both polarization components 

the computed patterns are almost identical within a span of 1800
• The agreement with 

the reference patterns is quite satisfactory. For the E - plane field, the computed pat

terns show deep minimum at 9 1 = 90
0 

on both sides of the centre beam (i.e. near either 

end of the dipole antenna). Outside this range the discrepancies in both polarizati ons 

frorn the chosen reference values grow wider. The above computations were repeated for 

a reflector of the sa me height, but 0.5 X wide, with corner angle of 1300
, with the 

dipole antenna positioned at 0.2 À from the corner edge. Here the number of current 

filaments used was 9 and 11, respectively, and once again comparisons are made for the 

two polarization components (H - end E - planes) in Figures 5.10 and 5.11, The 

general observations already made also apply here, and it can be seen that the slight in

crease in the number of current filaments causes the computed patterns to MOye towards the 

given references. Pattern measurements were carried out in this study for the 1.0 ~ -

., 
1 
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by - 1 .0 X structure using 17 filaments and continuous aluminum surfaces for the 

reflecting sides, as described in the previous chapter. However, because the dimen

sions of the reflector were too large to meet the far-zone condition (Equation (4.1» 

with respect to the probe position in the anechoic chamber, differences in levels were 

found although the basic pattern features were very similar. Far better agreement be

tween computed and measured patterns was obtained for the smaller reflector (but with 

the dipole antenna placed at 0.25 X from the corner) as discussed later in Section 

5.3.4. 

The third test, that of varying the segment distribution 'was used for the 

mast-supported and corner reflector antenna. The number of fi laments mode ling the 

surfaces was fixed, and the segmentation distribution was varied. In ail the computa

tions, howev~r the rasulting patterns were so similar to those shown in Figures 5.5, 5.6 

and 5.7, and to those in Figures 5.8 to 5.11, that the actual results are not presented. 

The results were predictable because, beyond the basic requirement that a current segment 

length be kept within O. 1 X , the fineness of the segmentation can strongly affect the ac

curacy of the segment currcnt values, but the far field is not appreciably changed. Thus 

the influence of the number of current elements on radiation pattern~ as described in 

Chapter III has br:.en found to depend more on the number of wire grids used to replace the 

current paths rather than on the fineness of segmentation. This is of course intuitively 

evident since a given continuous surface would be more closely approximated as the num

ber of wires is increased. 

5.2.3 Radiation Patterns of Radial Dipoles Mounted on Finite Length Cylinders 

Patterns are presented here for radial dipoles with or without a parasitic ele

ment placed symmetrically and asymmetrically on finite cylinders. In Figures 5.12 to 

5.15 are shown four principal-plane cut patterns for ES versus S (in the x - z plane), 

ES versus e (in the y - z plane), ES versus tp (in the x - y plane), and Etp ver

sus cp (x - y plane) due to a centrally-mounted radial dipole on a uniform cylinder 0.48 X 

long and with a circumference of 0.36 X (or diameter of 0.115 X). As pointe'd out 

earlier, the dimensions were chosen to make comparisons possible with similar results com-
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. 
puted by Goldhirsh and others [50] using the surface element technique. In the latter 

work, the two end faces of the cylinder have been included in the modeling scheme. 

However, it appears that the radial currents on these faces were neglected in the pat

tern computations since it is indicated that the axial currents on the ends of the 

cylinder were found to v~nish. '!;,us since no radial currents were included in the present 

wire-grid mode 1, the comparisons made here are valid. It is encouraging to note that 

the agreements are very close. 

For the sa me cyl in~er length, but a diameter of 0 .25 ~ , the computations 

were repeated, and the resulting patterns are shown in Figures 5.16 to 5.19. A pat

tern given by Wait [40] for a radial dipole mounted on an infinite cylinder but of the 

some diameter is also plotted in Figure 5.16. It can be seen that the agreement is quite 

good in the shadow region, but only fair in the front side for e ~ 900
• Nevertheless 

in comparison with Figure 5.12 where the Ee versus e pattern is essentially similar to 

the basic pattern of an isolated dipole, the influence of the cylinder diameter is c1early 

indicated by both patterns shown in Figure 5.16 in that the maximum field strength is 

'shifted below the e = 90
0 

plane. The Ee versus cp p~ttern (Figure 5.18),which is 

basically uniform as in Figure 5.14, appears to unaffected by the diameter of the cylin-

der. Similar observations can be made about the Etp versus cp patterns in Figures 5.15 

and 5.19. 

Mounting two radial dipoles symmetrically on the above cylinder predict-

ably differs from the single radial dipole patterns as Hlustrated in Figures 5.20 ( Ee versuse , 

x - z plane), 5.21 (Ee versus e, y - z plane), and 5.22 (Ecp versus cp, x - y plane) 

viz Figures 5.16, 5.17 and 5.19. As can be shown from symmetry considerations, the 

Ee versus CfJ pattern in the x - y plane vanishes, and this can also be seen from Figure 

5.20 where once again a known pattern has been superimposed [40]. Since Ee versus e 

patterns in both the x - z and y .. z planes aresimilar, it is obvious that there will be 

omnidirectionality in the horizontal (ES versus tp) pattern for planes other than e = 90°. 

However the E versus cp pattern given in Figure 5.22 does not differ in shape from the 
cp 

one given earlier for the single radial dipole (Figure 5.19) • 

The above series of patterns were calculated mainly as additional tests for 

the internai consistency of the wire -grid modeling n,ethod as applied in this study. As 
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described previously, the relatively simple configuration just considered was modified 

by replacing one dipole bya parasitic stub, and also by moving the dipole and the stub 

to one end of the cylinder and lastly to the large end of a truncated cone. Three se

parate sets of patterns are presented in pairs to bring out the modeling features discussed 

in the computation of current distribution for the various structures iIIustrated in Figures 

3.32 (c) to- 3.32 (f). First patterns in four principal-plane cuts are compared in 

Figures 5.23 to,5.26 for the case of the radial dipolc and the stub mounted in two dif

ferent positions: one at the centre of the cylinder, and the other at the right end of the 

cylinder. Comparisons are made with previous patterns (Figures 5.16 to 5.19) given 

for the single dipole. Consider first the centrally mounted case; there are differences in 

the Ee versus e patterns (Figures 5.23 and 5.24 compared with Figures 5.16 and 5.17). 

It is interesting to observe on the other hand that the patterns in the horizontal planes 

(Ee versus f(J: Figure 5.25 viz Figure 5.18, E versus cp : Figure 5.26 viz Figure . f(J -
5.19) are very similar. Thus the presence of the parasitic stub affects mainly the verti-

cal plane patterns. For the second antenna with parasitic element location, the Ee versus e 
pattern in the x - z plane (Figure 5.23) is still symmetrical, but is predictably asymme

trical in the y - z pla~e (Figure 5.24). 80th ·horizontal patterns- (Ee versus cp in 

Figure 5.25, Ef(J versus f(J in Figure 5.26) though symmetrical about the axis of the 

cylinder are now radically changed. It is to be noted that the non-omnidirectionality of 

the Ee versus cp pattern is expected from anter:ma geometry considerations. 

The next group of patterns g~ven in Figures 5.27 to 5.30 refer to two of 

the other antenna configurations illustrate~ in Figure 3.32. In this seri.es, the situations 

considered consisted of the cylinder with additional current lines placed across its diameter 

.at both ends, and the case of the radial dipole with stub mounted on the large end of the 

cone with additional current Iines placed in lâne with the dipole across its diameter. White 

the patterns are fairly similar in Figures 5.27 (Ee versus e, x - z plane), and 5.29 

(ES versus 0, x - y plane), the other patterns in Figures 5.28 and 5.30 are mark~dly 

different. As it will be seen later, the cyl inder was actually found to be a closer approxi

mation to the helicopter tail section than the cone. However, it is important to note that 

even though the cone surface represents a far more idealized model for this structure, its 
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ES horizontal pattern (Figure 5.29) still has the general characteristics exhibited by 

the corresponding pattern for the cylindrical surface. 

Finally, in the third set of patterns, Figures 5.31 to 5.38, comparisons 

are made of the ES versus cp' and E tp versus tp' patterns for the cylinder configura

tion iust described, and the same cylinder ~ith a parasitic current line parallel to the 

cylinder axis attached to the stub. The patterns are given for four 9 - plane cuts: 

ft = 60°, 700
, 800 and 900

• Whol th E 'tt • t· Il vie e cp versus tfJ pa erns remaln essen la y 

the same, the ES versus cp' pattern approaches omnidirecti'onality as 9 is gradua Il y 

increased from the radial dipole side to the shatlow region. The presence of the hori

zontal wire affects the patterns, but its influence appears also to be a function of 9 . 

For example at S = 700 (Figure 5.33), there is a maximum difference between the 

two to polarizations of about 2 dB whereas at 9 = 90
0 

Figure 5.37), the difference 

is less than .2 dB 0 The differences in the E components appear to widen in the front 
tp 

region (tp' :!i: 90, and tpl ~ 270) as 9 is increased. However, the point of interest 

in the above series of patterns has been focused mainly on their basic features. It will be 

shown later how useful they were in predicting the radiat~on fields for the short monopole 

mounted on the approximated helicopter tai! section. 

5.3 Measured and Computed Patterns 

ln the preceding section, emphasis was placed on demonstrating the con

sistency and general applicability of the source representations and modeling procedures 

in terms of various antenna systems. Radiation patterns which confirm more directly the 

modeling procedures used in Chapter III will now be examined. The discussion is centred 

around the experimentally measured patterns for the antenna models described in Chapter 

IV in comparison with the computed patterns. Both the measured and computed results 

will be found to have a special contributio~ to make to the understanding of the wire-grid 

modeling method. 
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5.3.1 Testing of Chamber Characteristics 

As in the computational part of this study, the monopole-sphere struc-

ture was useful also for the experimental testing of the anechoic chamber. Experimen

tai polar plots of ES versus f() amplitude and phase are shown in Figure 5.39 and both 

are effectively omnidirèctional. The phase pattern given above was useful in establish-

ingthe..essentially uniform characteristics that are required of a free-space room. Next 

an ES versus S amplitude pattern which was obtained with the battery-operate~ self

contained source inside the sphere is· shown in Figure 5.40. Again, this re:$ult illustrates 

the degree of symmetry that could be attained to ensure the validity of the experimental 

patterns and the measurement methods as described in Chapter IV. The measurements 

were repeated for different probe angular positions, and the same degrees of symmetry 

and uniformity were noted. 

5.3.2 Experimental Validation of the Wire-Grid Modeling Procedures 

Proposed in the Computational Study 

Measured patterns for, the disk-mounted monopole together with patterns 

for the same monopole mounted on 8, 12 and 16 radial wires, respectively, are shown 

in Figure 5.41. The wires were bonded on their periphery by circular rings. In 

Figure 5.42, similar patterns are illustrated but with the rings removed. The main question 

of interest is a~ to which wire-grid modeling procedure is 'correct'. If one of the mo

dels were to be based on the location of the stationary lines of flow on the continuous 

surface, th~n the presence of the outer ring is actually unnecessary. This is simply be

cause the flow of circulatory currents on the edge of the continuous disk cannot be 

iustified on physical grounds. That this obse~vation is plausible is clearly illustrated by 

examining the two sets of patterns. In Figure 5.42, the pattern for the 16 radial wires 

( ring removed) practically coincides with that of the solid disk, and even the 12 and 

8 radial wires appear also to be very close models. On the other hand, while its in

fluence on the main beam is minimal, the presence of the ring changes noticeably the 

pattern in the minimum region. This is true not only for the case of the 8 radial wires 
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which exhibits a deep minimum, but also in the case of the 16 radial wires. It is 

therefore felt that the above patterns can serve as a good experimental validation of 

the first important step in the wire-grid modeling procedure, namely: that the wire 

grids should only be placed along stationary lines of flow. The influence of increas

ing the number of wire grids is al!,o predictable in that the pattern of the continuous 

disk is rapidly approached.· By referring bock to Figure 5.4, it can be noted that the 

improvement in the patterns for the three experimental radial wire models is interest

ingly faster than that for t he computed patterns when the number is increased from 8 ta 
12 and then to 16. Thus while the modeling procedures are being validated, the accu

racy of the computational results are tested also. For the monopole mounted on the 

radial wires, more weight is given to the experimental patterns. This is not necessarily 

so for the other structures as described later. 

The sphere models (i.e., the 16, 24, 32 meridians, and the solid 

sphere) led again to pattern comparisons somewhat similar to the above ones. However, 

the most critical test for using stationary lines of flow as a bosis for wire modeling in the 

present study was the case of the finite cylinder with a radial dipole mounted on its sur

face. A computed ES versus S pattern (in the x - z plane) is compared in Figure 

5.43 with experimental patterns obtained for a continuous surface, and a wire-grid model 

. consisting of axial and circumferential strips. For the three curves, the nulls and maxi

~um points are indicated to be basically in the'.same positions. On the whole, close 

agreements 'can be seen, although a maximum difference of the order of 3 - 4 dB is 

not~d in the front region. Still, the patterns as presented provide a strong experimental 

validation for the conclusion made earlier that as a working rule one should attempt to 

predict carefully the components·of the surface current distribution on a given antenna 

. configuration before applying the numerical procedure. 

5.3.3 Influence of the Wire Radius Parameter 

The patterns iIIustrated in Figures 5.44 and 5.45 are directly related to 

the current values given in Tables 3.3 (a) and 3.3 (b) earlier where an indication of 

the influence of the wire radius parameter on current computations was soug~t. In both 
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cases, four patterns, three computed and one experimental, are compared for a short 

monopole mounted on 12 and 16 radial wires, respectively.' The three computed 

patterns in each figure are denoted by A, 8, and C and the experimental ones by 

D. Each pattern was computed with a current distribution obtained using a different 

value of wire radius in the impedance matrix equations of (2.80). The resulting pat

terns are seen to be affected by the value of wire radius employed for the three separate 

cases since they are ail visibly different in the region SOO ~ 9 ~ 1450
• Thus the 

'significance of the wire radius parameter which was only qualitatively established in the 

problem formulation part of Chapter III can now be discussed more specifically. 

the important question is, how to determine the pattern which is closest to 

the experimental pattern, ~nd thence to show which value of wire radius is most appro

priate. A close examination of the two sets of patterns (i.e. both in Figures 5.46 and 

5.47) is needed. Curves are shc.)wn for the following three radius values: 

(1) 

ft i) 
ftii) 

a = 0.00104 ). 

a = 0.00182), 

a = 0.00564). 

(pattern A) 

(pattern 8) 

(Pattern C) 

The third value above corresponds to the physical wire dimension of the radiais in the ex

perimental models shown in Figure 4.5. Calculations were made for a fourth value, 

a = 0.0078), ; however, the resulting curve for this large radius is si mi lar to curve C • 

The three computed patterns in Figure 5.44 may be compared with the ex

perimental pattern on the basis of the basic pattern features su ch as the main beams, nulls, 

minima, side lobes. It can be easily seen ail are essentially of the same shape. However, 

Pattern A (i.e. the one for the thinnest wires) is clearly far removed from the experimen

tal curve except for low values of 9. Thus the choice is to be made between curves 8 

and c. On the main beam si de , if the greatest discrepancies are considered, curve 8 is 

about 1.3 d8 below' D (at 9 = 95
0
), whereas C is about 1.4 dB above 0 ( at 

9 = 120
0

). Near the minimum and minor lobe regions B appears also to be closer to 0 

than C. However, since the current distributions employed in the pattern computations 

are in any case approximate, a fair agreement between computed and measured patterns can 

only be achieved in the main beam region a~d at the nulls [58J. Based on this considera-

\ 
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tion, it is th us argued that pattern C is the closest to the experimental one. On the 

other hand, curve 8 shows be~ter agreement in the si de lobe region. 

Similar observations can be made for the patterns given in Figure 5.45. 

Since the value of the wire radius appears to affect the results in the same manner as in 

the previous ones, this suggests that its i.nfluence is independent of the number of wires 

used in the grid, or possibly the shape of the antenna structure. As stated earlier in 

connection with the current computation schemes, the general conclusion drawn was 

therefore to take into consideration the actual physical wire sizes in computing current 

distributions on wire-grid structures. Clearlya mathematical technique, such as the 

least squares curve fitting method could have been used as a basis of comparison for the 

above curves. Such a statistical comparison however would not be necessarily as useful 

qualitatively as the one used above, which is based on basic antenna pattern features. 

The above observations. emphasize· the question "how thin should the 

wires be 1" when a given continuous antenna surface is replaced by an equivalent wire

grid body. Or equivalently, can there be a certain 'correct' order of magnitude to be 

assigned to the wire radius valuê? This question is fundamental to the whole wire-grid 

method of analysis of antenna systems. More ove r , sincé the results of this study have 

also demonstrated that thin strips are equally useful, possibly more useful than circular thin 

wires in wire modeling procedures, then the problem becomes even more complicated. In 

fact, the question posed above should be re-phrased to read: .. what is the largest cross

sectional dimension that the wires (elliptical, circular, fiat) should have in a grid model 

of an antenna structure?" Although no direct answer has yet been provided, nevertheless 

the results suggest a need ·for further examination of this aspect of the wire-modeling pro

cedure. 

ln closing, it should be pointed out that although the influence of the wire 

radius parameter has been demonstrated by the results of this study, it is still significant 

that a thin wire must be assumed for linear antennas. In the standard field formulations, 

the thinness is purposely introduced or assumed 50 as to justify the classical sinusoidal 

current distribution, or to simplify the solutions derived from Hallén's or. Pocklingt.on's in

tegral equations. The results of the present study appear, however, to modify this assum

slightly in that the value of .. a .. in the fundamental integral equation given in (2.19) 
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should not be arbitrarily chosen to be very sm~1I . Such a step might lead to the calcu

lation of incorrect patterns. However, this does not mean that the use of finite wire 

radius values will automatically yield correct far fields since there might be other equally 

important factors (e.g. mathematical approximation, segmentation and modeling proce

dures) that would also have to be taken into consideration, as will be shown by sorne of 

the results discussed below. 

5.3.4 Comparison of Computed and Measured Patterns 

This section presents a broader comparison of computed and experimental 

results, using four antenna structures which differ widely in terms of electrical dimensions, 

location af sources,geometrical shape and complexity. Patterns for the sphere-mounted 

monopole are once again considered followed by an examination of the mast-mounted di

pole, then the patterns for the corner reflector are presented and lastly, the elliptical 

polarization components (Ee and Etp) of the far fields for a monopole mounted on the 

helicopter tail section are discussed for a number of e - plane cuts. 

5.3.4 (a) Sphere-Mounted Monopole 

Figures 5.46, 5.47 and 5.48 illustrate how the sphere radius affects the 

Ee versus e patterns for the 1/4 X monopole mounted on the 32 -meridian sphere model. 

The agreement is good in terms of the main beams' side lobe, minima and nulls. It can 

be noted that as the radius is increased, the minimum region in the centre of the beam tends 

to move towards e = 1800
, and at the same time the main lobe moves towards the region 

e > 90
0

• Thus in the limit of a large sphere radius, the case of a monopole mounted on 

an infinite disk would be approached. 

5.3.4 (b) Mast-Mounted Dipole Antenna 

For the dipole antennas mounted on the cylindrical masts with varying dia

meters and for different antenna positions, six groups of Ee versus cp patterns are given 

in Figures 5.49 to 5.54. First experimental and numerical patterns are canpared in 

Fig~re 5.49 with commercially available data [77J. The same basic pattern shapes 



(. 

<.. ) 

~: . 

~-~--_._------~----_._----_. __ ._-----_._- ~- ~" ~ --~-~ .. ~~- ._---

152 

including the locations of both major and secondary lobes are apparent in each curve 

although discrepancies are noted in the field strengths. Setter agreements between 

computed and measured patterns are indicated in Figure 5.50 where two experimental 

curves (one for continuous surface and the other for a wire-grid model with six strips) 

are compared wi th a numerical result. Next, ~o computed patterns (one with six 

strips, and the other with eight strips) are compared in Figure 5.51. The influence 

of using an increased number of current paths in the computation sd .. ~me can be noted 

in the forward region. The remaining three groups of patterns provide further illustra-

ti~n for the validity of the computational models. There is, however, one noticeable 

aspect in the above patterns with the exception of those shown in Figure 5.50. It is 

that, although the pattern features are similar , nevertheless, the experimental and cal

culated radiation fields are shifted from each other by appreciable offsets which range 

from about 3 dB (Figures 5.49 and 5.54) to about 1.3 dB (Figure 5.53). This then 

suggests the need to either re-examine the accuracy of the wire-grid modeling procedure 

for this antenna structure, or the dependability of the experimental procedure. As dis

cussed earlier in the problem formulation part of Chapter III, one would intu·itively 

expect to find more current paths on the surface near the dipole antenna and fewer on the 

back side of the cylinder. However, to simplify the coordinate segmentation scheme, 

the c~.rrent filaments were purposely placed at equal intervals around the periphery of each 

cylinder. Even then, the proposed wire-grid models have been shown to be equivalent 

to the continuous surfaces as demonstrated particularly by the patterns given in Figures 

5.52 and 5.53. Thus the reason behind the offsets must lie elsewhere. Since the 

measured pattern is bodily shifted along the dipole axis with reference to the computed 

one the appropriate questions to ask are: 

Q) where is the actual axis of symmetry ? 

Qi) where is the phase centre ? 

ln the far field computations, these factors are not critical. However, in the experi

mental arrangement since at cp = 00 the antenna' is nearer to the probe than the cylinder, 

and farthesr at cp = 1800 
, the choice of the a.xis of rotation could conceivable have a 

bearing on the measured patterns. Nevertheless, the experimental patterns serve a useful 

purpose by providing an independent validity check for the computed patterns. Theyalso 
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establish more firmly the wire modeling procedure proposed in Chapter III where the 

nu~berofaxial strips used to model a' given cyl indri cal mast was indicated to be de

pendent on its diameter. 

5.3.4 (c) Measured and Computed Patterns for Corner Reflector Antenne 

Computed patterns for typical finite corner reflectors have already been 

considered in Figures 5.8 to 5.11 in which published measured values were used for 

comparison. These are now supplemented by five additional ones shown in Figures 5.55 

to 5.59 in which three H - plane and two E - plane patterns are included. In the 

latter patterns (Figures 5.57' and 5.59), the minor irregularities of the experimental 

pattern are due to the fact that the measurements were carried out bya point - by - point 

method. The agreement between the computed and measured patterns is better than 1 dB 

within the half-power region of the main beam, and the maximum discrepancy in the back 

lobe (see Figure 5.55) is about 3 dB. It is important to note that the corner angles in

dicated in these patterns and in the previous ones are not necessarily sub-multiples of 

180
0

• The close agreement between the expedmental and computed fields therefore de

monstrates the fact that the wire-grid methocl of analysis can be applied to such relatively 

simple and finite antenna structures as the corner reflector that hitherto could be studied 

using either greatly simplified approximations (e.g. image theory methocls) or complex 

mathematical formulations (e.g. geometric diffraction techniques). 

5.3.4 (d) Measured and Computed Patterns for the Short Monopole 

Mounted on the Thin Wire Structure 

The final series of patterns, presented in Figures 5.60 - 5.75, are for a 

short monopole mounted on the helicopter tail section. The first eight patterns (Ee versus cp : 

Figures 5.60 to .5.63, and E versus cp: Figures 5.64 to 5.67) shown were obtained 

for the basic wire structure without the rotor blades. The principal - plane cuts considered 

are e = 600 
, 70

0
, 80

0
, and 900

• The remaining radiation fields demonstrate the 

influence of the rotor blades (mainly on the Ee compone nt ) wh en they are placed 

parallel (as shown in Figure 4.6) or perpendicular with respect to the axis of the wire struc-
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ture. For the latter patterns, the ES and E components were obtained for 
o 0 f{J e = 80 and 90. Patterns were also measured for the structure covered with alu-

minum foil •. The complete set of patterns is noteworthy for two reasons 

(i) 

(ii) 

Both polarization components (E versus CD and 
Ecp versus cp were predicted by t~e patterns shown 
earl ier (Figures 5.31 - 5.38) for the radia 1 dipole 
mounted at one end of a finite cylinder. 

Although the basic feature of the computed and mea
sured patterns were found to be the same, still the 
differences, especially in the Ee polarizations, are 
relatively large. 

The first observation suggests the possibility that, right from the start, the.arbitrary thin 

wire structure could actually have been replaced completely by the smooth continuous 

surface shown in Figure 3.32 (g). This would have meant that instead of reading co

ordinate segmentation data from a drawing into the current or pattern computation programs, 

. one could have used a simple segmentation subroutine as was done in the case of the other 

simpler antenna bodies. Thus many sources of error whi ch were encountered in the study 

could have been partially eliminated. In fact, this alternative route is clearly vatidated 

by the patterns given in Figures 5.61, 5.62, and 5.63 where, in each case, two experi

mental patterns - one for the thin wire structure, and the other for the body covered with 

aluminum foil, are illustrated. The reason why this simplified approach was not followed 

was simply that it could not be predicted in advance. It became apparent only after the 

series of cylinders with the radial dipoles were successfully modeled, and also after the 

experimental patterns for the helicopter tail section were obtained. 

. ~~ ... 

On the other hand, the fact that the differences between the computed and 

measured patterns are seen to be relatively large (in some cases, greater than 6 dB as 

can be noted from Figures 5.68 and 5.72) strongly implies that either the measurements 

or the corresponding computations require more detailed re-consideration. The experimen

tal patterns were repeated with considerable care and the same results were obtained. It 

can be concluded that the computed patterns suffer from over simplification of the computa

tional model . 
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There were a number of factors which led to this conclusicn. First and 

foremost, to keep the size of the structure impedance matrix within a tolerable core 

memory requirement (about 300 k), some wire segments had to be omitted in the cur

rent computation schemes. The elimination process, as indicated earlier, involved some 

guesswork. Because of computational costs, repeating such a procedure more than once 

by varying the locations of the omitted segments was restricted to very few runs. Thus 

this source of error was unavoidable. 

A second source of error may be related to the coordinate segmentation data 

which had to be prepared from a drawing. However, in this case the errors introduced 

would be mainly of second order. The wire radius parameter is another possible factor. 

Although great care was tak~n to assign to the various current elements their physical 

wire radii, one gross assumption was made about the thick rod A - B i~ Figure 3.31 as 

being sufficiéntly thin, and thus the current flowing on its surface uniform~y distributed 

around its circumference. This was suspected to be a questionable assumption, and since 

the rod is in the vicinity of the source and the monopole, a refinement in its modeling 

would have had a noticeable influence on the resulting approximate current distribution 

and hence on the computed pattern. A better modeling procedure would have been to 
. . 

split the rod into·two or three thinner filaments. This technique was used in the case of 

the mast-mounted dipole .and also was found to be useful in a similar study [84J • 

Finally, a major simplification which may contribute to the difference be

tween the computed and experimental data is that of ignoring the problem of current 

element junctions. As briefly mentioned in the problem formulation part of Chapter III, 

this question was set aside and continues to form one of the limitations of the modeling 

technique as used here. The thin wire structure as seen from Figures 3.31 and 4.6, is 

inherently characterized by many junction points.. Howev~r, because of computational 

complexities, the junctions were. necessarily ignored. 

After'explaining why the above mentioned discrepancies may occur it should, 

however, be repeated that the agreemen~ is fairly satisfactory in both the ES and Ecp 

componehts. For the E~ patterns, ail the. nulls, minor and major lobes are substantially 

. confirmed by the experimental patterns although there appear to be sorne angular shifts 

"'!"-'. 
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(of the order of 15
0

) in the location of the major lobes. It should also be emphasized 

that the ~o questions t~at were raised in discussing the patterns for the mast-mounted 

dipole (i.e. about axis of symmetry and location of centre of phase) are equally ap

plicable to the present. series of patterns. Thus between the two possible extremes, that 

is sources of error due to computational modeling on the one hand, and experimental 

va li dit Y on the other, it is concluded that the computed and measured patterns are suf

ficiently meaningful to confirm the validity of the computational procedures used. The 

application of the wire-grid modeling method to this complex structure, therefore demon

strates the utility of the method, and as described earlier in Chapter III and also in the 

folJowing chapter, important guidelines to the effective use of the technique have been 

estabt.ished. . 
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Figures 5.12 to 5.19: Computed Patterns for Radial 

Dipole Mounted on Finite Cylinders. 
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Figure' 5.20 to 5.22: Computed Radiation 
Patterns (Relative Electric Field for Two 
Radial Dipoles Symmetrically mounted on 
à Finite Cylinder. 
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Figure 5.20. Es. vs 9, x - z plane. 

8---1 
rf 

Figure 5.21. E& vs 9, y - z plane. Figure 5.22. Etp vs cp, x - y plane. 
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Figure 5.23 to 5.26. Comparison of Computed Pat
terns for a Radial Dipole and a Radial Parasitic 
Element mounted on °Finite Cylinder as shown in 
Figures 3.32 (c) and 3.32 (d), respectively. 
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Figure 5.24. Ee vs e, y - z plane. 
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Figures 5.27 to 5.30. Comparison of Computed 
Patterns for Antenna Structures shown in 
Figures 3.32 (e) and 3.32 (f). y 
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Figures 5.S1 to 5.38. Comparisons of computed 

Patterns (at Different 9 - plane Cuts) for An
tenna Structures shown in Figures 3.32 (e) 
and 3.38 . 
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Symmetrically on a Finite Cylinder. 
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Figures 5.46 to 5.48 

. . 
Computed and Measured ES vs S 
Patterns (Relative Electric Field) 
for Monopole mounted on 32 - Wire
Grid Mode 1 of Sphere 

·~8 

Computed 

Measured 

Figure 5.47. ~ = 5 ~ /16. 

-- ... _-.-,........ ......... ------.-.-.,.... .... ---~--_._------ -._-. 
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o 

Figure 5.46. 

~8 
0° 

Figure 5.48. 
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R = ~/4 . s 

R = 3 ~ /8 . s 



Figure 5.49 to 5.54. ES vs ep Computed and Measured Patterns (Relative 
Electric Field) for Dipole Antenna mounted on the Side of a 

(_) Supporting Cylinder t Z 

Note: 

Additional Parameters: 

NC = NO. OF WIRES USED IN COMPUTATION-T 
Al MODElING OF CYlINDER. 1 

NE = NO. OF WIRES USED IN EXPERIMENTAL , 
MODEllNG OF CYLINDER. . IhC

-::' 

Abbreviations : 

WGM = WIRE-GRID MODElING 
CSM = CONTINUOUS SURFACE MODEl --': 

~D~ 

(l) 

(2) 

--1' ep rf 

-- COMPUTED (NC = 6) -- COMPUTED (NC = 6) 
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---EXPERIMENTAL ~GM, NE = 6} 
-x~ DATA FROM REF. [77J 

--- EXPERIMENTAL ~GM, NE = 6} 

Fi gure 5.49. D=0.28X,h. =0.823X. 
c 

S = 0.75 X, hd = 0.414 X. 

--0-0- EXPERIMENTAL (CSM) 

Figure 5.50. D = 0.202 X, S = 0.55X. 

he = 0 .63 X, h d = O. 3 À. 
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-- COMPUTED (Ne = 6) 
• • eOMPUTED (Ne = 8) 

--- EXPERIMENTAL ~GM,NE=6) 

Figure 5.51. o = 0.33À, 5 = 0.28 À. 

'he = 1.0X, hd = 0.5À. 

--c 0 (NC=4) 
---EXPERIMENTAL ~GM,NE =4) 
---0 0 EXPERIMENTAL (CSM) 

Figure 5.53. 0 = À /6, S = 0.368 À. 
h = 1.0 À, hd = 0.5 À • 

e . 
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--.ÇOMPUTED (NC = 6) 
--- EXPERIMENTAL tNGM, NE = 6) 
~ EXPERIMENTAL (CSM) 

Figure 5.52. 0 = 0.33À, S = 0.914À. 
he = 1.0 À, h d = 0.5 À 

• • COMPUTED (Ne = 8) 
--0-0- EXPERIMENTAL (CSM) 

figure 5.54. 0".0.257 À, S = 0.69 À. 
he = 0.823 À, hd = 0.38 À . 



Fi gures 5 .55 to 5.59. Computed and Measured H -
plane and E-plane Patterns (Relative Electric 
Field) for a Finite Corner Reflector) with 

Height , 
Width , 
Distance, 

H = 1.0 ~ 
S = 0.5 À 
D = 0.25 ~ 

Note: Symbols NC, NE, WGM and CSM as 
defined on page 179 are also used here. H 

270 0 
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II· 
R 1 

1 

1 
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->r-lt-COMPUTED (NC = 9). --COMPUTED (NC = 11),---EXPERIMENTAl ~GM,NE=9). 

Figure 5.55. E vs 0 (H - plane) for (3 = 600
• 

9 
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Figure 5.56. E9 vs f{J 

(Hillane) for (3 = 90°. 

-COMPUTED (NC = 9) • 

1L.-.l-L.-l....J--L-..-'-...l......l.......l.......èI;..~~~~--'!"--~~ __ ~ --EXPERIMENTAL ~GM, 
NE = 9) • 

-o-o-EXPERIMENTAL (CSM) • 

Figure 5.57. ES vs 9' 

(Eil lane) for (3 = 90°. 
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Figure 5.58. E vs q:J 
9 

(H-plane) for 13 = 1300
• 

~.I--.J...-L-.JI-J.--L.--'-~~~--'-~~~~~~~ __ """ - -EXPERIMENTAL ~GM , 
270· NE = 9) • 

-O-O-EXPERIMENTAL (CSM) • 

Figure 5.59. Ee vs e' 
o 

(E-p!ane) for 13 = 130 . 
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Figures 5.60 to 5.75 
Computed and Meosured Patterns 
(Relative EI.ectric Field) for Thin 
Wire Structure. 
Note: 

.- _.-;-_. ---.~ .. --~------- - ---._---. 

WOR = 
WRL = 
WRR = 

Without Rotor 8Iades·. 
With Rotor 810des Porallel. 
With Rotor 81ades perpendiculor. 

tp .--1 
fi 

",---1 ..,.. c" 
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Figure 5.60. Ee vs cp, e = 60
0 

(\NOR)' 

180" 

Figure 5.61. Ee vs ((J, e = 70
0 

(\NOR) 

180 . 

Computed 
cp 

Measured (\Nire-Grid) 

Measured (Cont.) 

Figure 5.62. Ee vs cp, e = 80
0 

(\NOR) Figure 5.63. vs CD, e = 90
0 

{\'VOR) 



Fi gure 5.64·. E vs tp, 9 = 60° (WOR) cp 

Figure 5.66. Erp vs Cf), 9 = 80° (WOR) 
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Figure 5.65. E vs rp, 9 = 70° (WOR) 
Cf) 

Computed 
Measured 

Figure 5.67. Etp vs Cf), 9 = 90° (WOR) 
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Fi gure 5.68 • ES vs cp, S = 80
0 

(WRR) Figure 5.69. ES vs cp, S = 80
0 

(WRL) 

CP--l 

Figure 5.70. 

Computed 

-- - Measured 

Figure 5 .. 71. 
o 

E cp vs cp, S = 80 ('NRL) 
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Figure 5.72. E9 vs cp, 9 = 90 (WRR) figure 5.73. 

--- ·Computed 
_ _ _ Measured 
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o 
Ee vs cp, e = 90 (WRL) 

, 

Figure 5.74. E vs cP, 9 = 90 0 (WRR) 
cp . 

,Figure 5.75. EfP vs cp, e = 90
0 

(WRL) 
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CHAPTER VI 

CONCLUS IONS 

The central oDjective of this .study was to apply the wire-grid method of 

analysis systematically to Iinear antennas mounted near cQnducting bodies,' with the 

broad aim of estab1ishing guidetines both for the formulation of the wire-grid models and 

for the structuring of the computational process. 

The computational analysis of the antenna systems studied and the accom

panying experimental measurements have yielded results which are generally in good 

agreement. The important findings and conclusions based on this investigation are as 

follows : 

(a) The study was started on the basis of the concepts, methods, and 
assumptions of 1inear antenna theory using Pocklington's integral 
equation as the fundamental formulation. The problem of the ex-
citation source representation was given special attention. In 
seeking computational models for the sources, recourse was had to 
classical studies of straight wire antennas. The models used were 
either the finite-width gap or the magnetic frill current source. 
While these models have been exploited in a restricted form by 
others in the case of simple wire antennas, it is claimed that the 
results reported in this study demonstrate the effectiveness of the 
adaptation of these source models to complex three-dimensional 
antenna structure. Oetailed computations of current Jistributions 
have shown the two source representations to be equally useful for 
far field patterns. It should be noted that some formai representa
tion of the source is essential to make the use of the wire-grid 
technique possible for the analysis of the type of antenna systems 
considered in this work. 

The basic computational approximations used and numerical pro
cedures followed have been developed elsewhere'. However, much 
effort was expended on the general structuring of the computations 
into self-contained schemes. Particular attention was given to the 
the evaluation of lIimpedance" matrices and their solution using a 
standard matrix elimination method. 

(c) ln applying the wire-grid analysis method to linear antennas near 
condu,cting bodies, considerable insight has been gained for develop
ing a modeling procedure on a sound physical basis. Unlike applica-



o tions to scattering by conducting bodies where mesh size is the 
starting criterion for correct modeling, the present study has 
emphasized the concept of stationary lines Çlf flow as the basis 
of wire-grid modeling. It has been demonstrated that this ap
proach removes considerable doubt about the location of the thin 
wires needed to model a given continuous surface. Although the 
cf)ncept has been known in antenna analysis and commonly used 
in engineering designs (e .g. grid-like corner reflector antennas), 
its usefulness in current distribution computation has been recog
nized only in this study. The validit~, of this approach has been 
demonstrated by the computed and measured results. 

(d) The stationary line of flow approach has been applied to specifie 
antenna systems and modeling and segmentation details have been 
developed for them. Depending on antenna location and configu
ration of the supporting surface, two general cases have been 
"considered ~ 

(1) bodies in which the surface currents have a single 
common vectorial orientation, " and 

(ii) bodies in which, surface elements need to be con
sidered in terms of two or more orientations. 

It has been shown that each antenne structure needs an appropriate 
segmentation scheme before it becomes amenable to current and pat
tern computations. The possibility of achieving programming 
efficièncy in current computations using symm~try has been demon
strated. Computation of radiation patterns has re-emphasized the 
sufficiency of the point-matching method for far fiel~ calculations. 

(e) Modeling criteria have been established for specifying the number of 
paths to be used for the different antenna configurations and have 
been corroborated experimentally. Segmentation procedures have 
also been developed and tested by comparing calculated, measured 
or known patterns. The influence of the number of wire elements used 
in a given computation has been shown to depend more on the number 
of current paths included in the wire model rather than on the fineness 
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of segmentation provided that a certain upper limit of size is not exceeded. 

(f) An important "insight has been gained into the influence of the wire
radius parameter for antenna structures already in a wire-grid form. 
The conclusion is drawn that in applying the wire-grid technique to 
su ch structures, the physical wire radius values must be taken into 
consideration. This conclusion would not have been reached with
out the availability of experimental results. 
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(g) The experimental work has emphasized two special aspects of the wire
modeling process : 

(i) the use of narrow strips in place of thin circular cross section 
wires, 

(ii) the replacement of grid-like structures by continuous surfaces. 
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ln the first case it was found that narrow fiat strips are as useful as round 
wires. In the second case, "which experimentally is a reversai of the nu
merical modeling procedure, results were obtained which were essentially 
identical for grid or continuous surface models, thus giving substantial 
credibility to the wire-grid modeling concept. 

It must also be emphasized that at this stage of development of the wire-grid 
modeling technique, experimenta1 measurement still serves a function more 
crucial than mere corroboration of the calculations. Experimentation on 
models in this investigation served as an essential factor in helping to deve
lop insight into the numerical technique. It helped to reduce expensive or 
even misleading "iterations" or trial computations by a considerable amount 
and contributed substantially to the deve 1 opme nt of the "correct" moCle Is. 

(h) Two major sources of error were encountered in the computational proce
dures: 

(i) errors due to coordinate segmentation subprograms, and 

(ii) "errors in the computation of "network impedance Il e lements. 

Even after the wire modeling approximations were sotisfactorily established, 
it was sometimes found in preliminary test runs that some minor detait in the 
segmentation scehme would cause major errors. As an example, the centre 
coordinates of the current elements might be evaluated correctly, but the 
angular orientation would differ from the assumed direction of the stationary 
current lines, thus leading to wrong results. Such errors are further aggra"'; 
vated by the computerls ready ability to produce an output that may either 
be relevant or meaningless. Similarly, serious errors in impedance compu
tation were noted under conditions for which program debugging was very 
difficult. This kind of situation occurred particularly for antennas with 
geometrical symmetry. In the reduction of an impedance matrix, it was 
found essential for the compact impedance structure to give results identical 
to those given by the complete ma.frix. The fact that there is symmetry in a 
current distribution can be seen easily enough "heuristically, but to program 
the appropriate structure datacorrectly 1 great care is needed in the arrange
ment of the unique current e lements. 
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ln summarizing the above observations it can be conc\uded that the wi re

grid method of analysis has a wide range of applicability provided that careful attention 

is given to the Ircorrect" mode Iing, coordinate segmentation, source representation and 

computational structuring. It is in fact difficult to find other alternative methods amongst 

those discussed in the introductory chapter which would have as powerful a scope of appli

cation, except possibly the surface element mèthod, which is of the same generic family. 

The modeling procedures evolved in the present investigation are adaptable 

to a wide variety of specific antenna problems and a series of procedural guidelines have 

become apparent as described in the body of the thesis. These guidelines relate in parti

cular- to : 

1. Correct source representation and location. 

2. Use of the stati onary current fi ow concept for the mode li ng 
of the wire grid. 

3. The choice' of segmentation and structuring of the computation 
proçess. 

4. The use of" a finite radius for the wire elements. 

ln addition to the above conclusions, the results of the study suggest further 

areas for research. These are as follows : 

(a) It has been demonstrated that thin circular wires or thin fila
ment strips can be used to make experimental wire-grid models 
of antenna surfaces. From a physical point of view, the wires 
representing a surface structure actually should be strips. If 
this can be achieved, then by adjusting the width of the strips 
the procedure could possibly be made to approximate the surface 
element modeling technique. However, this would first require 
a fundamental restatement of the basic integral equation formu
lation. 

(b) The influence of the wire radius parameter for circular wires had 
been established for grid-I ike structures. It is suggested that its 
influence on the accuracy of the wire modeling process for a con
tinuous surface be explored further. This might be done by re
assessing the assumption made about the current distribution being 
uniformly distributed around the periphery of a thin cylindrical 
current element especially in the presence of nearby elements. 



(c) The comparisons between computed and measured patterns 
have shown that the agreements were fairly good for those 
structures which were modeled by wire grids with few 
iunctions. However, in the case of the thin wire structure 
approximating the tail section of a heliçopter, many junc
tions were part of the structure, and the pattern agreements 
were found to be rather unsatisfactory in the detai 1 • It is 
suggested that Kirchhoff's junction condition may have to be 
satisfied for this type of structure even though in other struc
tures this condition was up till now successfully neglected. 
Investigation in this area no matter how diffictJlt might make 
the wire-modeling technique more rigorously complete. 

(d) It has been stated and implicitly assumed that the antenna 
structures studied had finite electi-ical dimensions. It would 
be of considerable interest to make a systematic search for the 
"finiteness" of the boundary beyond which the wire modeling 
technique might become inappropriate. The bounds to the 
technique mayarise from considerations of either computation
al capacity limitations or from the existence of other analytical 
methods which may be more pertinent to larger size systems. 

(e) Finally, it is recommended that a systematic application of the 
surface element method be examined in a manner similar to that 
undertaken in the present investigation. Such a study might 
hopefully bring out further additional insight which would sup
plement the conciusioi1S reached in this work. 
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ln summary, although the precise formulation of a set of "canonic" r;ules 

has yet to be attained, it is contended that important guidelines for the use of the wire-grid 

method of analysis have emerged from the study. The application of the technique for de

termination of patterns of practical antenna systems which hitherto were mainly attainable 

only by scaled or actual size measurements, or by approximate analysis, is firmly established. 

Furthermore even if generalized canonic theorems should prove to be un

attainable, a systematic development of wire-grid models for the frequently used antenna 

configurations, organized in an encyclopaedic manner, along with programming and com

putational details, could be envisaged. Such a compendium is possible and would be a 

powerful research and design tool, since once a wire grid model for a particular antenna 

form is established and proven, it can be used exhaustively to investigate and optimize the 

antenna system in terms of its various parameters. 
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APPENDIX A 

USE' OF SINUSOIDAL INTERPOLATION AS BASIS FUNCTIONS 

The computational complexities involved in using higher order basis functions 

to approximate segment currents on thin wire structures can be iIIustrated for the sinusoi

. dal interpolation function given in (2.46). Consider a centre fed thin linearantenna 

which is divided into N - current elements for current computation using Hallén's inte

gral equation. The formulation is given commonly in the fort'" 

.~ .. 

h 

z=h 

z=O ---

z--h 

J 
Az 
t 
---z. 

1 

z 
·+1 ---z. ' , . 
z. 1 ,-

Segmentatton of a. ~t~aigh.t Antenna • 

for Current Computation. 

l 1 (z') G (z, .z') d z' = 
-h 

B k iV. kl 1 cos z + 2 Z sm z 
o 

(A.1) 

where 1 (z') denotes the current distribution, G (z, z') is the usual Green's func

tion given in (2.16), V is the complex amplitude of the excitation voltage,' Z is the 
o 

free space impedance , and B is an unknown coefficient to be determined using the end 

conditions [14 J. 

--------_._-- -
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I~) = 1 (- h ) (A.2) 

Appl)'ing the collocation method to the above equation yields [1S] 

N 

L J 1 i (z') G (zi' , z') 

i=l Az. 
1 

d z' = B cos k 
'V 

z. + L sin k. 1 z.) 
1 . 2 Z 1 

o (A.3) 

To simplify the discussion, the segmentation can be chosen to be uniform, i.e. 

A z. 
1 

(A.4) 

where z. 1 ' z., and z. 1 are centre coordinates of three neighbouring segments 

as shownl~n Figu:e A.l. l~ong the i
th 

segment centred about zi' it has been shown 

El 9] that for faster convergence (i.e. with fewer segments) , the current can be ap

proximated by (2.46) which can be re-written in the form 

1. (Zl) = A. + B. sin k (z' - z.) + C. cos k (z' - z.) (A.S) 
1 1 1 1 1 1 

for z' in ,Il z • 
1 

= 0 otherwise 

in which Ai' Bi' Ci are unknown coefficients. Let li-l' li' and Ij+l be the 

current values at z. 1 ' z. and z. 1 ' respectively. Then, by matching the current 
1- 1 1+ 

distribution at the three neighbouring points, the following expressions are obtained : 

1. 1 = A - B. sin k d. 1 + C. cos d. 1 I- n 1 I- I I-
(A.6) 

I. = A. + C. 
1 1 1 

(A.7) 

and where 

li+1 
= A. + B. sin k d. l + C. cos k d. 1 

1 1 1+ 1 1+ 
(A.S) 

d. 1 = z. - z. 1 = Az 
I- I l-

(A.9) 

and 
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d. 1 = z. 1 - z. = 4z (A.1O) 
1+ 1+ 1 

Defining 
p = sin .k I::z (A.11) 

q = cos k âz (A.12) 

then the three unknown 'coefficients can be expressed as follows : 

1. 1 -2ql.+ li +1 A. = I- I (A.13) 
1 2 (1 - q) 

- 1. 1 + Ij+1 B. = ,- (A. 14) 
1 2p 

and 
- 1. 1 + 2 1. li+l -

c. = I- I (A.15) 
1 2 (1 - q) 

Thus the above expressions can be substituted into (A. 3), and the impedance matrix 

coefficient for the unknown current distribution determined • However, it is apparent 

that the integrations have now become much more involved than. was the case with pulse 

basis functions. 

1 
.~ 
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APPENDIX B 

FIELD COMPUTATIONS WITH A MAGNETIC FRlll SOURCE MODEl 

As stated in (2.66), the magnetic currentdensity M gives rise to an 

electric vector potential from which the electric field Ë i i~ to be derived according 

to (2.69). For a monopole mounted on a planè conducting disk, it has been shown 

e lsewhere [56 J that the' space surrounding the fri Il source (see Fi gure 2.7) can be 

divided into three regions : 

and 

(i) Near field region in which elliptic integral 
evaluation is involved ; 

(ii) Far field region in which closed form approxi
mati ons are used ; 

(iii) Axial field region, along the monopole axis, 
for which closed form field expressions are also 
obtained. 

The boundary surface between the near and far field regions can be chosen judiciously 

depending on the accuracy required for the current values. Typically it can be located 

,at a radius distance equal to five times the outer radius of the fri Il. If the observation 

point isplaced in the x - z plane, then from (2.66) 

r = 
o 

and the electric vector potential would then be" given by 

Ftp = 
E 
o 1 

:-l) 
211 In

a 

b 11 
- jkr J J cos fP' ( e 0 ) d cp' d p' 

a 0 r 
o 

(B.l ) 

(B.2) 

where a and b are the inner and outer radii of the frill, respectively, and the excita

tion voltage is set at ~ volt. Because of symmetry it should be noted that integration 

in cp' is from 0 to 11. It can be shown [55J, [56J that for the near field region, F cp 

can be written in the form 
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b .... -ikr E 1 J [ 2 .... 2 
+ J e 0 1 

Ftp = - 0 
- K ("2) p (cos cpl - - ) d cp 1 ] d pl . ~ 

2 .... In(ë) r
1 

r r 
a 0 0 0 (B.3) 

where 

2 pl) 2 ] r1 = [z + (0 + (B.4) 

2 4 p pl 
(B.S) P = 2 p,)2 z + (p + 

and K (; ; p2) = complete elliptic~1 integral. of the first kind. Using the relations 

given in (2.71) and (2.72) for the E~ and E ~ field components, integrations and 

differentiations can now be carried out nutperically by means of (B.3). Simpson's rule 

can be used to perform the integrations, and Lagrange's three-point (equally-spaced ab

scissas) formula has been found to give sufficiently accurate partial differentials [56] • 

For the far field region, .the approximation starts by setting 

2 2 
r = [z + p ] 
2 

andthen by taking r to be given by 
o 

Thus 

r ~ 
o 

1 
_r::::I 

r 
o 

Substitution of (B .8) into (B .2) yie Ids 

(B.6) 

(B.7) 

2 12 
.0 . p cos 2 cp 1 

4 
o p,3 
. 4 cos cp 1 + • . .] 

r2 :"2 
(B .8) 
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Fcp 
1 0 p' cos t/J' 

2 [1 + ' 2 . -
r r
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2 2 .2 cos Cf)' 
P P 4 

r2 

;, 0.
3 cos ,,,'' -·Jkr 

(B.9) 

. ..,... ] cos tp 1 e 0 d cp' d pl 
4 

r
2 

Integration with respect to tp 1 leads to zero, first and second order Bessel functions 

with (k ~ 0
1

), argument. These can be approximated further by series expansions 
2 

to give 

b J [ j 1T k P 0
1 

_ i 1T k ~ p.3 

2 r
2 

4 r
2 

a 

-jk p12/2 r 
+ ..r p p' J e 2 d p' 

~k~ 2 2 
kpe [_1_+ k(b +a) 

r
2 

kr
2 

4r
2 

Finallyexpressions for E~ and E ~ are obtair.ad by partial differentiation. 

For the axial region, Ei is zero, and E
i 

is given by p z 

E
i = 
z 

lim p-O 

lim [ -

0-0 

1 

E 
o 

The final expression for Ei is given by 
z 

E
i 1 

- - ikr 3 
[e = z 

b Iim p-O 2 ln (-) 
r
3 

a 

e 

1 

E o 

- ikr4 

r
4 

J 

(B.l0) 

(B. 11) 

(B.12) 

(B.13) 

i 

i 
i 

\ 
1 
1 
1 
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Q ,- where 

[z2 2 
r
3 

= + a ] (B. 14) 

and 

r
4 = [z2 + b2 ] (B.15) 

Once E
i 

and E
i 

are known at the centre of a wire element excited by the frill z p 
source, the right hand side of (2.48b) can be determined using (2.73). In general 

the antenna configuration may consist of an arbitrary distri.bution of thin wires. 
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APPENDIX C 

EVALUATION OF THE SELF-IMPEDANCE TERMS 

IN THE "NETWORK" EQUATIONS 

The self impedance terms in (2.48b) are evaluated From approximate 

analytical expressions. This is firs~ done by finding a finite series expansion for e-jkr 

and the inte'grations are then carried out after separating the integral in (2.52) into 

real and imaginary parts. Consider an m th segment of length s and radius a 
m m 

in a given distribution of cylindrical current ele~ents 0 

Let 

E = Re [ Z' J (C.l) 
r mm 

Eo = lm r Z' J (C.2) 
1 mm 

s = s (C.3) 
m 

a = a (CA) m 

where, form (2.49), (2.52) and (2017) 

Z' mm 

and by (2. 16) 

r = 

= 
- 01 

%WE 
o 

s~ .k 
"2 2 2 2 -1 r J [2 r (1 + jkr) - a (3 + 3 jkr) - k r J e d z' 

r5 
-s~ 

(C.5) , 

(C.6) 

since p= 0 and z = o. It is impo"rtant to note that the self-impedance of element 

s is to be determined From its self-field evaluated along its axis (hence IJ= 0) , 
m 

and its centre-point (hence z = 0) as illustrated in Figure 2.1 • 
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From (C.l), (C.2) and (C.5), and using a nine-term Maclaurin series expansion for 

-ikr e , one obtains for the real part 

E 
r 

1 
7 2 

k . a )] d Zl 

-s~ 
210 

(C.7) 

and the imaginary part becomes 

'" 1 Î [ 30
2 

. + k
2

0
2 

- 4 + k
4

0
2 

- 8 k
2 

Ei 4 'If Co) fO -s~ (z12 + a2)fJ~ 2 (zI2+ G~~ S (z12 + a2) 1;2 

(C.S) 

White the integrations in (C.7) are straightforward, further re-arrangements are needed 

in (C.S). The final approximate expressions become 

2 2 4 4 "2 k2 

'If s [ a k a k • t ( a2 k2 _ 14) ] 
Er ~ -"3 . T 2 - 3 +"T05" + 210 (C.9) 

and 

E. 
1 

1 --
2~ 

k2 2 k4 4 
[1 - a + a] ln 

4 64 

1 s· 
+ 2'"'r 

( t) ] 
1 - s /2 r 

t 

(C.l0) 

where 

= (C.ll) 

It should be pointed out that there are notable differences in both E and E. from 
r 1 

the corresponding expressions given in Reference [56] • 
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SEG'MENTATION OF THE MERIOIANS, 

IN WIRE-GRIO MODEl OF SPHERE 
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Consider one typical meridian on the wire-grid model of the monopole 

sphere structure discussed in Section 3.3. 

z 

t Monopole ------
__ --- Typical Meridian 

. y 

x 

Figure O. 1 

ln Figure 0.1 are shown the coordinates nl3eded to specify uniquely the six segmen

tation parameters for the m
th 

element: the three centre coordinates (x , y , z ), 
m m m 

the length s and the angular orientations a and J3 • The meridian is re-drawn m m m 
in Figure O. 2 in the cp plane. 

z 

Figure O. 2 • 

(x,y,z) 
m m m 

-, 
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The P angular orientation is given by 
m 

Pm = 

= 

The angle am is determined using the six coordinates (x2 , Y2 ' z2') and 

(0.6) 

(0.7) 

(xl ' y 1 ' zl') whi ch can be expressed in terms of Rs and 9 for the first set, 

and Rand 9 + 'Y for the second set as shown in (0.2), (0.3) and (0.4) • 
s 

To determine a , first let 
m 

Then 

al = 

a = m 

arctan 

al 

(0.8) 

1f -'2 ~al ~o (0.9) 
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It should be noted that the segment angle 'Y is constant if the segmenta

tion is uniform. If, on the other hand, the segmentation scheme involves putting finer 

segments near the monopole region and coarser ones near 9 = 1800
, then 'Y is appro

priately incremented. 

Segmentation schemes for other antenna structures studied in this work 

follow the above basic procedure in a similar manner. 


