National Library
of Canada

Canadian Theses Service -

du Canada

i+l

Criawa, Canada
K1A ON4& .

NOTICE

' The quality of this microform is heavily dependent upon the
quality of the original thesis submitted for microfiming.
Every effort has been made lo ensure the highest quality of |
reproduction possible.

If pages are missing, contact the university which granted
- the degree. '

/- Some pages may have indistinct print especiélly if the

original pages were typed with a poor typewriter rittbon or
if the university sent us an inferior photocopy.

Previously copyrighted materials (journal articles, pub-
lished tests, etc.) are not filmed.

Reproduction in full or in part of this microformis governed
by the Canadian Copyright Act, R.8.C. 1870, ¢. C-30.

NL-395 (. BAT)

Bibliothéque nationale

-

Service des théses canadiennes

AVIS

La qualite de cette microforme dépend grandement de |
qualité de la these soumise au microfiimage. Nous avons

tout fait pour assurer une qualité supéricure de reproduc-
ticn.

Sl manque des pages. veuillez communiquer avec
universite qui a conféré le grade.

La gualite d'impression de cerlaines pages peut laisser 4
désirer, surtout si les pages originales ont &ié daclyloqra-
phiées & l'aide d'un ruban usé ou si l'université nous a tail
parvenir une photocopie de qualité inférieure.

Les documents qui font déja l'abjet d'un droit dauteur
(anticles de revue, tests publiés, elc) ne son! pas
microfilmeés.

- s
La reproduction, méme partielle, de cotte microforme et
soumise a la Loi canadienne sur le droit d'auteur, SIRC
1970, ¢. C-230.



RADIATION AND SCATTERING OF STRUCTURES

ABOVE PERFECT AND IMPERFECT GROUND

2

By
Elim CHAN, B.A.Sc.

A thesis submitted to the
School of Graduate Studies and Research
in partial fulfillment of the requirements
for the degree of

Master of App@d Science . ~

Ottawa-Carleton Institute for Electrical Engineering
Department of Electrical Engineering
" Faculty of Enginecring
University of Ottawa

@ Elim Kin-Tak Chan, Ottawa, Canada, 1988.

N



Permission has been granted
to the National Library of
Canada to microfilm this
thesis and to lend or sell
copies of the film.

The author (copyright owner)
thas reserved other

ublication rights, and
neither the thesis nor
extensive extracts from it
may be printed or otherwise
reproduced without his/her
written permission.

L'autorisation a eté accordée
a la Bibliothégque naticnale
du Canada de microfilmer
cette thése et de préter ou
de vendre des exemplaires Qdu
film.

L'auteur (titulaire du droit
d'auteur) se réserve les
autres droits de publication:
ni la thése ni de 1longs
extraits de celle-ci ne
doivent @étre
autrement reproduits sans son
autorisation écrite.

ISBN 0-315-46733-9

imprimés ou



UNIVERSITE DOTTAWA
i=22228 UNIVERSITY OF OTTAWA

i



The University of Ottawa requires the signatures of all persons
using or photocopying this thesis. Please sign below, and give

. address and date.

v

<

P - iii - v



ACKNOWLEDGEMENTS

The author wishes to express her most sincere gratitude to her supervisor, Dr.
M.M. Ney, for his valuable advice and guidance throughout this work.

The author is particularly grateful to Dr. G.J. Burke for providing the Numerical
Electromagnetic Code (NEC) used in this thesis. Thanks are also due to Dr. S.8.
Stuchly for providing the experimental facilities and Mr \I Bui {or th(_ experimental
results that were nceded for this thesis.

The author would also like to thank the stafl and colleagues of the Department of
Electrical Engineering at the University of Ottawa with whom she had the pleasurie
of knowing, particularly, the clectromagnetic group, for. Lhc:P\\uggc:mon:, and help

throughout this thesis. —

The author is specially grateful to Mrs S. Meszaros, Dr. M. Stubbs in CRC for
proof reading the manuscript, and Mr W. Yue for his help on Tex format in this text.

Finally, special thanks are given to the parents and sister of the author for their
encouragement and support.

-1V = ' -

Ch



IJ ABSTRACT ' - < /\
i
o)

The near and far field scattering of structures above perfect and tmperfect grounds
is invesiigated. A numerical method, which is suitable for complex geometries above
imperfect ground, ® used to evaluate the fields distribution of simple wire antenna
structures that could be used as part of a mobile surveillance system. Alarm scenario
for different wire antenna copfigurations -are simulated using an electrical model ¢f
intruders. ‘

For necar-field applications, the numerical method used in the computer simula-
tions showcd}oscil[atory solutions that were not confirmed by the measurements. As
a result, a test problem, which consisted of determining the near field scattered by
a perfectly condﬁcting hemisphere above perfect ground and located in the far field
of a quarter-wave monopole antenna was examined. Since no theoretical solution is
available for this broBIcm. A new approach is presented using a spherical eigenmode
decomposition. : ,

Results given by the eigenmode approach show that the oscillatory nature of the
solution given by the numerical method is due to numerical instabilities that may
occur when fields are computed very near scattering structures.
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GLOSSARY

a = radius of conducting cylinder.
= al, b, = cocflicents of scattered field of conducting sphere.
EL(r) = incident clectric field in Sommerfeld method.
ER](r) = electric field reflected by the interface in Sommerfeld method.
E;u. = incident electric field.
E,cat = scattered electric field.
Eio1 = total electric field.
f; = basis functions of moment method.
go = [ree space kerncl.
gy = image kernel term.
H = radiation pattern of halfwave dipole.
,(,2)(:1:) = Hankel function of second kind.

K@) = () PED

e l?(z) = spherical Hankel function of second kind.

Iy = maximum current distribution occuring at center of the halfwave dipole.
Ja(z) = Bessel function of second kind.
alz) = ()2 T, 11/2(z) = spherical Bessel function of second kind.
J, = surface current distribution.
k = w(pgeg)/? = phase constant.
- L =length of conducting cylinder.
L,M,N = independent vector solution of offcenter source point for wave equation.
mp ng = vector componrents for spherical wave generated form origin.
° P, (cosz) = Associated Legendre Polynomials.

r = obscrvation point.

r’ = source point.
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Fresnel plane wave reflection coefficient.

vertically ¥ and horizontally # oriented dipole corﬁponents.
radiation pattern of point source.

Sommerfeld integral term.

weighting functions of moment‘ method.

unknown coefficients for approximated furction in moment method.
permittivity of free space.

rela’.tive dielectric constant of medium.

free space wavelength.

permeability of free space.

conductivity of medium.

= (poeo)/? = intrinsic admittance of medium.
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CHAPTER 1
INTRODUCTION

The problem of antenna field cc;mputa.ticns near dissipative planar interfaces
has become more pronounced because of the advancement of terrestrial radar com-
munication systems. With the presence of the earth, the performance of antennas is
strongly affected by interactions due to obstacles and by surface wave propagation.
A significant part of the radiated power from the antenna is absorbed by the lossy
ground. As a result, the field along the interface decreascs faster than in free space,
for which they decay proportionally to 1/R.

An clectromagnetic ficld generated by an active conducting element or reflected
from a passive radiating structure over an imperfect conducting ground is much more
complex tha.n it would be without the interface. They are represented in terms of
_integrals that involve current density distributions. The kernels of these inlegra.ls
decay rapidly in [ree space, or in the presence of a perfectly conducting earth in
which case the image principle can be applied. Consequently, the solution for the
fields, generally does no‘t present numerical difficulties. On the other hand, when an
imperfectly conducting (lossy) ground is present, the resulting effects are taken into

account by modifying the kernel of these integrals, which become much more diffcult
to evaluate,

In the past, much effort was devoted to the reduction of these complicated inte-.
grals to practical closed-form equations [10]. With the development of large digital
computers, evaluations based on the exact integral representations have become more,

. feasible. For instance, recently developed methods allow the evaluation of these inte-

r

grals with complex kernels with high accuracy, but at the price of large computation

1
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time [12]. On the other hand, approximate methods (11], which avoid the evaluation
of these integrals, vield less accurate solutions but in a much faster way.

J
1.1 Motivation

In practical environments, the presence o-f various structures, such as shelters,
barracks, etc, above the ground affects the clectromagnetic field distribution. The
theory which accounts for the different effects in a real field condition is rather in-
volved. For instance, if one considers the design of a mobile surveillance systems,
earth constitutive parameters as well as the position and geometry of surrounding
structures, may vary from place to place. Thus, in order to predict the performance of
the antenna of such surveillance systems, computer simulations, including the effeets
brought by shelters, barracks, trucks located on a lossy ground earth, arc needed,

In this thesis, a numerical method based on electric and magnetic integral equa-
tion formulation and in conjunction with the method of moments is used to optimize
the performance of a simple two-wire antenna configurationwhich is part of a system
that should detect intruders, witk a minimum of false alarms, within a range of 100
meters, (around 10 A with an operating {requency of 60 MIz), in any direction. This

characteristic is referred as hemispherical dome coverage. In addition, since the sys-

 tem is required to be mobile, the antenna performance should not vary significantly

with environmental changes, suck as weather conditions, constitutive parameters of
the earth, etc. The project described in this thesis, involves as a first step the theo-
retical study of the performance of a wire antenna configuration of a system, which
can detect the disturbances provoked by intruders, moving from any direction above
the ground. This study has practical application for remote site security systems and
was carried out in collaboration with a large local compa;ly involved in electronic

system design and manufacturing.

-
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The theoretical model which is used to design such co;ﬁguration, has some lim-
itations. Indeed, the presence of structures such as trucks and barracks increa.se' the
size of the problem. For instance, the modeling of an airplane is a ever more in-
/Lolved procedure because the complexity of contours and geometries requires a lot of
sub-elements for numerical computations.

In order to verify Ei?e theoretical solutiorl, a full-scale s'it; antenna test is not
possible because of the limitation imposed by fixed physical structures and subjected
to environm_ental noise. A less costly alternative is the use of an anechoic c_ha.mber,
since indoor tésting provides better control of t_.he experimental conditions. However,
due tr: the phygieal size of the system to be tested, experiments done in the anechoic
chamber must be performed with scaled down models. For this type of application,
very near scattered field measurement should be performed A structure which+has
certain clectromagnetic properties at a given frequency f, will develop a similar field
distribution at frequency nf, provided that all linear dimensions are multiplied by
the ratio 1/n and the complex permittivity by n [1]. In addition, scaled models allow
the mapping of the electric field everywhere in the zone of interest, in the presence
of compléx structures, in ,order to detect regions where the field level is too low.
This experimental study is carried out by other researchers of the Laboratory for
Electromagnetics and Microwaves.

In order to test the performance of scaled down models in the anechoic cham-
ber, a near scattered field measurement was first performed and compared-with the
results given by the numerical technique used for field computations. A closer study
of thz; near field scattering by a metal barrack in the presence of ground and its’ affect
an field distribution‘\;.'as needed. The situation th;t was chosen for study and com-
parison was a conducting hemisphere located on a perfectly conducting ground. The

conducting hemisplrerc was placed in the far field of 2 monopole antenna, also located

on the perfect ground. The near scattered field of the hemisphere was measured and

3
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computed. It turned out that the numerical aralysis yielded some oscillatory solu-
tions that were not confirmed by the measurements. This situzlttion created a need
to verrify the result by a closed form analytical solution.

There has been much investigation on the scattering by a sphere. Stratton [2]
pioneered the development of spherical modes for the casc of plane wave irradiations.
He used the plane wave, whose electric vector is linearly polarized in one of the
orthogonal axes, in order to approximate a source at large distance. This approach
could be applied to most far field scattering problems. However, no solution on
the near-field scattering of a conducting sphere ir.ra.dia.tcd by a dipole is available,
especially when the size of the sphere is such that plane wave irragﬁation cannot be
assumed. Most probably, the solution to this more general problem has not received
much attention in the pastbecause the interest of rescarchers has concentrated on
the far scattered field (e.k, radar cross-section). As a second step, a new proposed
analytical solution based on spherical eigenmode expansions to approximémtc spherieal
irradiation by a dipole source is presented. Analytical results represent a significant
contribution to this thesis, since the solution is completely original.

5
.

1.2 State of the art

The first investigation on the problem of a dipole in the presence of an imperfectly
conducting plane was published by A. Sommerfeld {3]. It cannot be solved in a
closed form, but the fields can be expressed in terms of integrals, called Sommerfeld
integrals. A large amount of work has been dedicated to this subject since then. The
com;utation time associzted with evaluating the integrals is quit;:'inefﬁcicnt because
the kernels are highly oscillatory. Altemately, an approximation is used to replace
the Sommerfeld integrals [4][5][6] Because of their approximate nature, the range of

applications that would yield accurate solutions is rather restricted. Image principles

have ‘also been applied to approximate the solution. Lindell and Alanen [7][8][9] used

4
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an ¢xact image theory to evaluate this kind of problem. The image of a point source
was interpreted as a line source that extends to infinity in a complex space, since

_ the distance from the image to the point at which ttﬁvf}gd is computed is a complex
number. Similarly, a dipole image located at a com’p'lex depth was introduced by
Wait [10]. |

Miller et al. [11],[12] developed a proBCdure which utilizes 2 numerical algorithm
for evaluating the exact Sommerfeld integrals for a given set of ground parameters,

- with 'slight modification to the iﬁtegrals in order to avoid difficulties inherent to the

oscillatory nature of the kernels. The subsequent evaluations employed an interpo-

lation method in order to minimize the computation time. The same authors used

Iresnel plane-wave reflection coeflicients to approximate the solution in situations

where radiating structures are not located near the ground.

The backbone of all the theoretical methods mentioned above remains the same:
/thcy use a modified Green’s function to replace the free space Green’s function in
& //thc integral equation formulation to account for the presence of a lossy ground plane.

Among all methods that were use-d to evaluated the radiating structures with the
presence of an imperfectly conducting plane, the classical Sommerfeld integral method
“still remains the most accurate approach for analyzi?zg this kind of problem. However,
the computation for the integrals is quite time consuming. Other alternatives, such
as complex image theory, seem to be more appealing in terms of computation time.
Also, the Fresnel reflection coeficients can provide a solution even more quickly,
but with less accuracy. The latter method is very useful for a rapid evaluation of
fields, such as needed for the design and optimiz;tion of antenna systems. The
Sommerfeld procedures developed by Miller et al. yiéld accurate solutions with a
minimal increase in computer time. The Numerical Clectromagnetic Code (NEC),

used for the simulations in this work, utilizes this approach.
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Closed form solutions found by spherical-wave expansions are generally limited
to 1dealized cases, such as a condﬁcf.ing sphere discussed in Chapter 5. However, it is
possible to obtain the solution of problems involving general structures and forms of
antennas by numerical means. The numerical method used to analyze most antenna
problems is built around the numerical s:algtion of integral equations written /iu terms
of currents induced on conducting structures by external ficlds and/or active sources.
The integral formulation, which utilizes both clectric field and magnetic field intcg’rul
equations, was dcriy’ed by Pocklington, for wire scatterers and surl'acc‘ antennas [36].
It turps out that the electric field integral equation ié best suited for the case of
thin-wire structures of small or vanishing conductor volume. On the other hand,
the magnetic field integral equation gives good results on voluminous structures with
large smooth surfaces [11]. The integral solutions are then solved numerically by the
method of moments [13],[14].

When an antenna system is affected by a ground plane, the free-space integral
equation formulation is altered by the lossy ground plane in three ways:

1) modification of the current distribution through near-field intt::action- N
2) ch;nge of the fields lluminating the structures

p
3) change of the re-radiated fields. ¥

Therefore, when a ground plane is present, the free-space Green’s function must
be modified to yield a more complex Green’s function that accounts for the presence

of a ground plane. The Sol;.ltiOI;. for the fields developed by current elements in the

pfesence of a ground plane was developed by A. Sommerfeld [3]. While this solution

6



is used directly in ‘the integral-equation computer program, the oscillatory kernel

_of the Sommerfeld integrals uscs excessive computation time and hence limits its ‘
application. In order to maintain a reasonable computation _time, the Sommerfeld

integrals have been slightly changed to eliminate some singularities and to minimize

the oscillations. A lookup table of the Sommerfeld solution is generated by this \
procedure and interpolation is used to find specific values [11],(12]. When a lossy ' )
ground planc is involved and the structures are not too near the ground, the Fresnel

plane-wave reflection coeficients can be used to modify the image method in order to

obtain the field ‘solution in a faster manner. The solution for a perfectly conducting

ground is much simpler since the image method can be applied directly.
2.1 Integral equation formmlation

Integral equations of various kinds have been widely used for the analysis of
thin-wirc antennas and scatterers [12] [16]. The electric field produced by a volume
current distribution J, with the time variatioh e’** understood, can be calctilated

ti&ough the integral expression:

E(r) = J(r) G(r,r')qVv’ {2.1)

k

where the [rec.space Green’s function is defined by the wave equation:

!
G(r,r') = (V2 + )g(r, 1)

and g(r,r') is given as:
’ e_’.i[r-r'l

"=
g(rir ) _. ]r_r;l

where r' is the source point, r is the variable observation, point, k = w,/pgcp, and

7 = v/ Hofo.

< e
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When the current distribution is limited to a perfectly conducting surface, the
~ volume integral of the current distribution can be reduced to a surface integral. Thus /

(2.1) becomes : 7
E(r) = 7o js 3E)- Gle YA (2.2)

with J, being the surface current density. The observation point r is restricted to be

off the surface S, so that r # r/, since the integrand g(r,r’) is unbounded otherwise.

An integral equation for the current induced on S by an incident electric field E

tnc

can be obtained by imposing the bourdary condition on the surface S.
B(r) X [Eine(r) + E,eae(r)] = 0

where n(r} is the unit normal vector of the surface at r and E,,; is the sccondary
field due to the induced surface*current J, by the primary field E;,.. Using (2.2) and

the boundary condition on S yields the desired integral equation:
—n(r) X B (r) = ;—:g-n(r) X y I,(c") - (V2 + EN)g(r,r")dA'. (2.3)
s >

When the wire radius a is much less than the wavelength A and the wire length
L, (le. a <. and a < L), this vector integral equation can be reduced to a
scalar integral equation by using the thin wire approximation, for which the followi_pg
assumptiori’s can bt.: made:
_ 1) transverse currents can be neglected relative to axial currents on the wire.
2) volume circumferential variation in the axial ciirrent can be neglected.
3) currents can be represented by_ thin filaments on the wire axis.
@ boundary conditions for the clec_tric field need be enforced in the axial direction
only.
Consequently, the surface current can then be represented by a current filament
I(s)s = 2xaJ,(r) (see Fig 2.1) , and (2.3) becomes the integral over the length of the
wire |

—n(r) x Einc(r) = 4Tjgn(r) x/ I(s")(k3s — V%)g(r,r')d:’, (2.4)
L ‘ ‘
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which is subsequently reduced to the scalar equation

{ <37 [ 1/ ovip2 ! | 8 rA ! =
=8 Eine(r) = 7 i I(s") (ks -’ — m)g(m‘ )ds'. (2.5)

Since r' is now the point at s’ on the wire axis while r is a point at s on the wire

surface |r — | > a and the integrand is bounded.

] : incide;lt field
T,

short wire element

Fig. 2.1 Current filament and its parameters.

J, is the surface current distribution, I, is the current filament at the axis
of the wire, r' is the distance from the center of the current filament to the
source point, r is the distance to the observation on the wire surface, a is
the radius of the wire, and L is the length of the wire element.

The magnetic field integral equation is derived similarly by using the surface

currcet distribution J,, as

1 B
H,.:{r) = a—js.},(r') x V'g(r,r')dA’ (2.6)

If the current J, is induced by an external incident field H;,., then the total magnetic

field inside the pgfectl_v conducting surface must be zero. Hence, for r just inside the

9



surface 5§, ~

Hine(r) + H, i (r) = 0.

The integral equation for J, can be found by letting r approach the surface point ro

from inside the surface along the normal n(rg), hence '

r—rg

~n(ro) X Hin.(ro) = n(ro) x % lim [ J,(r') x V'g(r,r"dA’, (2.7)
s

-]

where n(ro) is the normal vector at ro directed outward. The limit can be evaluated

by using the potential theory to vield the desired integral equation [11],

—n(ro) X Hin.(ro) = —%J,(ro) + % /S n(ro) X [Ju(r') x V'g(r,r')jdA’. (2.8)

2.2 Numerical solution by method of moments

The method of moments {13] [14] [15] is one of the most important methods for
solving electromagnetic field problems and can be applied to both deterministic and
eigenvalue problems. In the following discussion only the deterministic problem is

considered. It can be formulated with the inhomogencous equation

Lf=y ('-;’-‘-9)

where L is a linear operator, f is the unknowr function to be determined, and y is
the input or excitation. The unknown function f can be expressed in terms of basis

or expansion functions f; which are in the domain of L

f =Z:ajfj (2.10)
N .

" Generally, the f;’s form a set of known ortﬁc':gb

functions and should fulli
associated boundary conditions The «;’s arg’the unknown coefficients to be deter-
mined. The set of basis functions can b/t finite or infinite. However, in practical

10



situations, the summation has to be truncated. Consequently, the solution will be an
approximation of the exact solution.

|
Since L is a linear operator, (2.9) can be written as

ZOJ'LfJ' =y (2.11)
N .

Consider the inner product in the function space

\c < u,v >= f uv*dSl,
. Q

where € is the domain of the functions. It can be conceptually seen as a projection
u in the direction of v. Choosing a set of weighting functions {@ defined in the
range of the operator L, a set of equations for determining the coefficients «; can
be obtained by taking the inner product of equation (2.11) with each component of
{w,}. The original functional equation thus becomes 2 set of linear equations which
is written in the matrix form:

[Mla =y

where
M;; =< w,Lf; >
(2.12)
v =< wy,y >

and a = [a;,02,a3,-++,a;--+]T, in which T is the transpose of a matrix. If the
matriz [M] is rcgr‘.LIar, then [M]™? exists‘,\the afs are given by a@ = [M]™ !y, and
the solutiorn is found by using (2.10). Let R(L) be the range of the operator L. The
right-hand side of (2.12) is the orthogonal projection of the subspace of R(L) spanned
by the operation of L on the exact solutior £, i.e. ¥, onto the subspace W spanned
by {w} . The left-hand side of (2.12) is the projection of the subspace spanned
by the operation of L on the f;’s onto W. The moment method equates these two
projections (see Fig. 2.2). Since the error, also called weighted residual, is orthogonal

to the projection, it is of the second order and, consequently, the method is an error

minimization procedure.
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There are many possible choices of the \\elghtmg functions {w,} and basis func-
tions -[ f_,} The selections of the {w,} lead to the different specializations of the
moment methed. Some of them give faster convcrgencc, while others give matrices
easier to evaluate [15]; When w; = f;, the procedure is called Galerkin’s method,

. which has been found to yield accurate results with rapid convergence. Sometimes,

however, the inner product
M, =f w;Lf;dQ (2.1
Q

is difficult to evaluate. One way to sidestep this inconvenience is to require that (2.11)

\ be satisfied at discrete points in the region of interest, generally wlu,rc boundary
*

conditions must be met. Thxs 1s a point matching of the integral equation which is

the collocation or point ma.tchmg method.

exact Lf=y

approximated
Lf

[Lf]

subspace

= W Y>
orthogonal projection [wi]
Fig. 2.2 Illustration of the moment method [14].

subspace

The method of moments equates the orthogonal projection of both the ap-
proximated solution and the. exact solution onto the subspace spanned by
the weighting function.

12



Tﬁis is the approach that is used to solve the present problem: if {w;} is chosen
to be a set of Dirac functions wi(r) = §(r — r;), with {r;} a set of poirts on the
conducting surface, the clémcnts of the matrix [M] and the vector ¥ hence become

Mij = Lfjle=s;
vi = fi(r)
which is equivalent to enforcing (2.11) at discrete ﬁoints. Collocation is generally
less accurate than Galerkin’s method, but the inner products involved in the matrix
clements are computed in a trivial manuer.

Generally, the expansion functions are defined over the entire domain of interest.
They can also be defined only on subsections of that domain. This further simplifies
the evaluation of the matrix elements. For instance, wires are divided into short
straight segments with sampling points at their centers while surfaces are approxi-
mated by a set of flat patches v.;ith sampling points at their centers. The current at

the center of each segment is represented by a combination of functions defined on

cach subsection. For instance, the total current on segment 7 has the form
Ii(s) = A; + By sink(s — 5;) + C; cos k(s — 5;), [s —s;| < A;/2. (2.14)

The 3N unknown constants implied in (2.14) are reduced to N unknowns, by an
extrapolation procedure whick is applicable to single or multiple connected segments

(16]. -
2.3 The Sommerfeld ﬁaethod [12}

The free space integral equation can be extended to handle wires Ioc.a.ted near
the boundary interface by modi['ying_ the Green’s function so that it includes the ﬁelds'
scattered from the interface. When source points and the observation points are both
located above ground (_..) or below ground (_) the direct field EZ(r) from the wire

source is given by: : ~

tt
v

O
—

EZ(r) =] I(s")s' - GP(r,r'}ds', (z-=2
c'(r)
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where GP(r,r'}ds' is the free space Green’s function defined in (2.1).

- ~ Given the incident electric field B4 (r), and introducing the electric field reflected

". by the interface EZ(r), one can apply the boundary condition for the electric ficld on
>
/\ the conducting wires: . *
- s-Bi(r)=—s-E2(r)-s-Ef(r); re Cu(r)

where s’ and s are unit vectors tangent to the wire at s and s’, Cx(r) is the contour

(of an arbitrary antenna surface and the ficld component produced by the interface is

EZ(r) = f I=(s")s" - GR(r,r')ds' (2.15)
Cx(r) .

with
R ! k..?-: 2
Gi(l",l‘ ) = k2 +k2

Gri(r:rr) =—Ig- Gi (r:IR -1"), Ip =zxX+yy+:z

The additional term R+ of the reflected Green’s function involves the Sommerleld

GL(r,1") +Ri(r,r) (0.16)

integrals and is constructed from the following components for horizentally # and
vertically V' oriented dipoles, with cylindrical coordinates (r, P,z

C, 8 i

v 2
R:h k2 8p8~k V,;_
.
T Rl = fl 68 + kDR VE
2 4) Lond
R, = %cosé(-:—?kivf + KLU (2.17)

R.s.é = kc;l smqﬁ( kiV... +k2 Ui)

RI, = —cos$RY,
- where the source 1s at v’ = 'z and the field is evaluated at r = p(cos x+sin '¢y)+:z.
The V&, HE terms are the Sémmerfeld integrals [2],{3],[12]. The source points are
located on the axis of the wire, and the observation points are located on the surface

of the wire with the assumption of the thin wire approximation (see Fig 2.3). The

horizontal current element is along the x axis.
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The Sommerfeld integral terms are

U = [ Di(heap(—rzl: + =) o(3p)3d)
0

o | (2.18)
VE = [ Dahesp(-rels +DIolAp)AN
0
with 5 ok2
Di(A) = - :
N =TT ya (k3 + k2)
2 2
Da(A) = '

kZyi +k3y-  yx(kL +K2)

and y= = (A2 = k2)*/2. The terms U and V& differ from those commonly used in
* the sense that they have static terms subtracted in order tc; remove the oscillatory,
nature of the kerncls. This allows bet.t-cr accuracy during the interpolation proceaé.
The term subtracted from V& allows convergence of the integral as p and = +
approach zero with only an R™?! singularity in the second derivatives of V&. The
term subtracted from U.f does_not alter the singularity but completes the Gy term in
equation (2.18). The two-dimensional interpolation method used in the code provides
a shorter computation time while maintaining the accuracy obtained by using the
Sommerfeld integrals. The interpolation method evaluates the Sommerfeld integrals
at a grid of values (p,z +:'), given a set of ground parameters. Then, the computed
'va.l‘ﬁcs are stored in the form of a lookup 't,a,ble in order to interpolate the values
needed subsequently. The time required for evaluating the matrix elements is greatly

reduced by this method.



vertical
dipole \

horizontal .
. . observation peint s
unit vector M r r
A source point s' . .
\Lﬁs point \ axis of the antenna  C'(r)

arbitrary
curved antenna
surface C(r)

Fig. 2.3 Arbitrary curved antenna surface Cui(r).

The arbitrary antenna is divided into small vertical and horizontal dipoles.
The total field is the field produced by a combination of these dipoles.

2.4 The Reflection coefficient method 1y} [12

This method employs the plane wave reflection aﬁd image theory in order Lo sim-
plify the evaluation of the fields produced by structures above an imperfect ground.
The free space kernel gy is modified by adding an image kernel term g:,. This addi-
tional term g, is called the reflection cocficient Green’s function for the lossy ground.
It includes g;, the image Green’s function obtained from the image theory, multiplic.d
by the Fresnel plane wave reflection coefficient. For example, in the cast.: of a vertically

oriented dipole, the Green’s function is

’

g g, =go+ Rug; (2.19)
where Ryr is the Fresnel plane wave reflection coeflicient for the transverse magnetic
(TM) polarization and is given by:
ep cosf — (ep — sin® §)1/2 oo
Ry = — (2.20})
eg cosd + (ep — sin® §)1/? - .

where g is the relative complex permittivity of the ground, and & is the angle

between the ray connecting the source point with observation point and the normal

16



of the interface (sec Fig 2.4). This is similar to the case of a plane wave incident on
a semi-infinite plane medium. This metho‘c_i is valid for-large distances between the
source points and observation points. It takes much less computation time than the

éormncrfeld integral method, while providing results which agree within 10%.

observation
- point
source point
8 0
€o . ‘ | :
/////'/SE/_////////////
interface

Fig. 2.4 lllustration of the Fresnel reflection coefficient method.



~ CHAPTER 3
NUMERICAL COMPUTATIONS

3.1 Introduction
In recent years, the use pfileaky cables has become increasingly important for
the detection of obstacles along some defined path. For instance, the surveillance

of installations that must be held secure is a typical application of their use. Such

detection systems, called guided radar [38], are presently in the operating stage. They

can detect intruders or moving objects approaching or crossing a defined perimcicr.
However, targets moving at certain altitude above the cables cannot be detected
by such systems. Consequently, there emerged the need to develop a volumetric
detection system (3-dimensional electronic fence), that would allow surveillance over
a hemisphere covering.the region of interest. In addition, in the scope of mobile
surveillance syst;ms for military launching sites or high security mobile stations,

leaky cables are not practical, since they generally have to be buried,

In order to test the performance of a volumetric system, one could build it full

scale. Unfortunately, this precludes a study of the effects casued by fixed structures -

and modified ground constitutive parameters at reasonable cost. An alternate ap-
proach is to use scaled down models and test them in an anechoic chamber. 'Hom_.-vc'r,
low conductivities are difficult to achicve with synthesized substances. Computer
simulations provide a low cost alternative to evaluate and optimize performance of
an antenna system in realistic conditions, including the change of clectromagnetic

. . ™, - '
properties of the ground, the location of fixed structures and moving intruders.

A
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3.2 Antenna system +

) Y

The requircments for the antenna configuration, st%e\its mobility and the sim-
' plicity‘of design for easy integration in the surveillance sys't"ern and its compatibility
with existing systems (i.e. leaky cable). The simplest a.nten%na that would give almost
a pcrfcct_;rolumetric coverage is a single dipole, which has a zero radiation pattern
in the direction of its axis. Thus, it could provide a volumetric dome coverage ex-
cept that it has an.asymmetrical radiation pattern along its axis. gn addition, in the
prcséncc of a ground plane, the radiation pattern may have a zero at grazing angles
unlcss.t.hc ground has.infinite conductivity. The radiation pattern depends also on
the grvound parameters. ':I‘hcs;e may vary from one location to another, a range of
g, = [2-.0,30.0] and o = [0.001,0.1] S/m were suggested by the company. Lower
conductivities of the ground may degrade the/antenna performance by affecting the
dgsi_icd coverage, and field distribution-especially at grazing angles.

f,ln;ordcr to provide good isolation between outgoing and incoming signals, a
configumtion with two wire-antennas of length A/2 is selected comprised of an active
a.ntc."nna. and a detecting antenna. A single frequency signal is sent by the active
antenna. Any fluctuation of the signal at the terminals of the detecting antenna can
be interpreted as the presence of a possible intruder in the detection zone. The two
simple antenna dipoles can be arranged either both vertically polarized, horizontally

-

polarized or perpendicular to cach other.

3.3 Equivalent human model

'y
Computer simulations should include the presence of human intruders as well as
small animals, which are the main cause of false alarms. The introduction of such
complex inhomogeneous structures into the numerical computation model is difficult.

In order to obtain the result within, at least, an order of Magnitude with tbﬁuse of
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the existing software. An approximate approach is to substitute simple mathematical

- models such as conducting cylinders, with equivalent radar cross-sections as human

body. It is important to note that the use of' ‘equivalent cc.m.chzct.inz.‘,f cyliﬁders is a very
crude approﬁmation to this complex problem. In order to create false alarm scenarios,
equivalent models of small animals are also used. Thus, computer s.imula.t.ions allow
one, first, to determine the signal level above which an alarm state should be triggered,
then to verify whether the signal produced i:)y a human intruder versus animal can
be 5ktracted without reqm'gng overly complex signal processing.

The radar cross section of 2 man was rneasu;red by F.V. Schultz et al [19]. The
human subject under test was 200 pounds and six feet tall. Their measurement were
performed at five different frequencies. In order to be intréduced in the simulations,
the human model was converted into an equivalent perfectly conducting cylinder
in terms of equivalent radar cross-section. For surveillance systems, the allocated
frequency is 60 MHz. Unfortunately, no data on the radar cross section of the human
body is available at this particular frequency.

The radar cross section of a perfectly conducting circular cylinder is:

ali sin® (%% sin §)
o, = s—cosf—F5—-
2x sin” ¢

where @ and L is the radius and length of the cyiindér, respectively, and 6 is the
angle defined by the direction of the incident wave and the axis of the cylinder. The
proportion of height and width of 2 human is L = 4.5¢. The dimensions of the
equivalent cylindcir of 2 human at five different frequencies is shown in table 3.1.
However, if one considers values of Table 3.1, no absorption or resonance, in terms
of radar cross-section, occurs at the five available frequencies. In addition, resonances
for human body occur only above 1 GHz, [20]. Consequently, it is reasonable to
extrapolate the radius ¢ at 60 MHz, from the data available below 1 GHz. Thus,

after extrapolation, the dimensions are @ = 0.1596 m and L = 0.72 m. A smaller

20
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Table 3.1 Radar cross section of human and its equivalent cylinder.

&
frequency human equivalent conducting cylinder, 6=0, L=4.5a
(in MHz) cr(m2 ) Do) a (in meter) L (in meter)
410 - 0.033 0.0467 0.2100
2330 0.1929 | 0.8679
1120 0.098 0.0246 ) - 0.1105
- 0.997 0.0532 }’ 0.2394
. 2890 0.140 0.0107 . 0.0482
1.050 0.0240 . 0.0944 \\,
4800 0.368 0.0089 0.0401 .. \
1.880 0.0153 : 0.0690
9375 0.495 0.0050 0.0227
1220 0.0068 0.0306

cylinder about one fourth the dimefx__sions of the human equivalent cylinder was used
to represent small animals. The smaller dimensions of the conducting cylinder reduce
the o by a factor of 16, as a crud’e estimate f;om the size of the small animals. Again,
this 1s a rough approxamation of the problem, due to the lack of data on the radar
cross section of small animals. Thus, the computation in this simulation can only
provide an estimate for such false alarm scenarios. For further insight to the problem,
a more clabrate model suck as block models for humans should be emploved instead.

The arrangement of the two halfwave dipoles which were used ir this computa-
tic‘);f was an active antenna collinear with the detecting antenna. The spacing relative
to wavelength were selected as 2, in order to:)rovide a good isolation [36]. This value
was !'ur}-‘ cr confirmed by the computations. Any intrusion wﬁuld modify the voltage
level ;J:lhe detecting antenna. The voltage induced at the receiving antenna by the
cquiv?.lcnt. c;-_l_ieder was ;omput.ed for positions of the target varying from 10 to 50

1 :
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meters (2 to 10 A) from t.h.e antenna configuration, with 2.5 meters (1/2 A) steps.
This is the required range for mobile sur-veillance systems. ‘ l

The dificrence between the human and the animal l<:qui'w.1.lent. cylinders can be
seen in Fig 3.1a to c. The constant voltage received without intruders is plotted as
a reference. In Fig 3.1a, the orientation of the.cylinder axis coincided with the field
vertical polarization of the dipoles. For small animals the induced voltage is obviously
not detectable from the reference.

The cylinders were horizontally pesitioned with respect to the dipoles, in order
to simulate crawling intruders. As it is shown in Fig 3.1b, the reception for this
orientation is much weaker than the vertical case. This can be explained by the
fact that the axis of the cylinders are in the plane which is perpendicular to the
polarization of the dipole. However, a diﬁ'erencc from 17.5 to 25 meters (3.5 to 5 A)

can be observed.

In order to increase the perturbed signal level produced by the crawling intruders,
the detecting antenra which was at the bottom, was chanécd fromv,c;t_i;m\mttion
to horizontal orientation. The very low level of the detected voltage in this chse
indicates that this is not an appropriate arrangement for the system (see Fig 3.1c).

As aresult, this configuratior will not be considered for further computer simulations.

-
K]

3.4 Electric field strength

It is important to have some knowledge about the electric field strength on the
perimeter of the site. The field level outside the perimeter and how it decays within
the perimeter is part of the specifications required by the manufacturer for defining
the size of the petimeter for such an antenna system design. The reason for this is
the size of the perimeter should be smaller for lower conductivities in order to receive

detectable signal.
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In Fig 3.2a, the electric field intensity produced by vertical r;\.ntenna system is
computed. The observation points are located at.one meter above ground, at a
‘ .distance of 75 to 150 meters (15 to 30 A} form the antenna system. The transmitting
aotenna was f(;;i with unit voltage. One can obscrve that the electric field intensity
with low conducti'vity and permittivity values is much lower in magnitude than the
one with high values. This shows that the electric field tends to better penetrate a
ground '-;.'itll low constitutive parameter values. The strong influence of the ground
parameters is also demonstrated in Fig 3.2b, where the observation points are located
three meters above the ground. The electric field strength is higher in comparison
with the corresponding va.Iu‘cs for the lower ground parameter values (Fig 3.2a). This
is due to the asymm&rical characteristic in azimuth angle of the radiation pattern of
the antenna system. This will be discussed more in detail in the next section.

Numerical computations of horizontally polarization, show that the field intensity
is reduced by at least one half (Fig 3.3a, and Fig 3.3b). licnce, for the case where the
observation pdints are located one meter above the ground, both curves (representing
lower and higher ground parameter values) display a rather low reception level. When
the obscrvation points are moved from one to three meters above the ground, the
electric field strengih shows the same behavior as for the vertically polarized anterna

configuration.
3.5 Radiation pattern

It is well kn_own that the presénce of the ground not only affects the field strength,
but also the field distribution and the radiation pattern. Thus, modification of the
ground constitutive parameter values will have some impact on the radiation pattern
characteristic of the surveillance system. In addition, in most situations there are
fixed structures in the perimeter of interest which may interfere with the electro-

magnetic produced by the antennas. In order to determine the radiation coverage
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performance under these conditions, the radiation patterns of the antenna system in
the presenge of perfectly conducting structures on the perimeter is required. This
sifnula.tes the presence of structures such as shelters or launching platform, ete. For
the field computations, it is m_odellt;d by a rectangular metallic structure with a di-
mension of 1.2 x 1.2 x 6 A (see Fig 3.4 and 3.5). The metallic structure is located
at a distance of 6 A away from the anternas. For comparison, radiation patterns of
the system with and without the metallic structure are plotted in elevation and az-
imuth angles. In addition, situations with the upper and lower bounds of the ground
constitutive parameter values are considered in the simulations, in order to observe
the effects on the radiation coverage performance of the system accounting for the
various soil propertics that can be enconuntered in real situation. For reasons ex-
plained before, only vertically and horizontally polarized antenna configurations will
be investigated.

From the characteristics shown in Fig 3.6, 3.7, 3.8, one can sce that the radiation
patterns are affected by the metallic shelter in several ways. First of all, as expected,
it destroys the symmetry of the radiation pattern. In addition, zeros are generaled, as
compared to the case without structure, especially in the (8 = 90°, ¢ = [—90°, 90°]
and azimuth planes (see Fig 3.7 é.nd 3.8). The presence of zero radiating pattern
degrades the performance of the system, in a sence that any intrusion in these direc-
tions can be difficultly detec:ted, likewise, the modification of the ground constitutive

parameter values affects the coverage performance, especially when the metallic struc-

ture is present (see Fig 3.4b).

For the horizontal dipoles co;lﬁguration the metallic structure degrades the cov- |
erage performance, as in the vertical dipole case. However, the effect is not as pro-
nounced as it can be seen in Fig 3.9, 3:_10, 3.11. The symmetry of the ra.di’ut.ion
pattern' of hori:.contally polarized dipole is in the elevation angle while the vertically
polarized dipole is in the azimuth angle. The symmetry in the azimuth plane in the

vertically polarized dipoles is distroyed by introducing the metallic structure.
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. Fig 3.4 Moetallic structure with the vertical dipoles configuration.

Table 3.2 shows the complex input impedance of the antenna, with and without
the metallic structure. This indicates that the complex impedance of the antenna is
affected more in the vertical orientation than the horizontal case. This further con-
firms that the radiation pattern is more sensitive to the presence of meallic structure

in the casc of the vertical dipoles configuration than in the horizontal case.

3.6 Conclusion

The advantage of the dipole configuration resides in its simple structures. In
addition, it meets the radiation coverage requirements except at grazing angles above
the ground. From the numerical computations result, it is found that a metallic strue-
ture will enchance the Eﬁrectivity of radiation pattern of the system in the direction

of the structure and degrade the desired radiation coverage in other directions. The

-
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1.2 A

z 4

1.2 2

Fig 3.5 Metallic structure with the horizontal dipoles configuration.

Table 3.2 Complex input impedance of dipole antenna configuration.

Bistatic distance complex input impedance(ohms)
dipole between ground pararneter

system dipole €=2.0, =0.001 | £=30.0, G=0.1
vertical 1744 104.1+j 79.3 108.8+j 72.4
with metallic 1/4 A 106.3+j 79.5 1127+ 69.0
sucture :

horizontal 174 A 87.2+j 83.7 51.4+j96.4
with metallic 1/4 A 87.4+] 84.0 51.3+j96.5
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degree of degradation d.cpcnds oﬁ'lhc size and location of the structure with respect
to the antenna s}stcm. In order to further study the near field distribution affected
by the metallic structure,a near field scattering of a t;onductin.g"Sphere was inves-
tigated. From field computations is is difficult to conclude that the simple antenna
arrangement provides suitable coverage for detecting airborne intruders, due to the
prcse_rfcc of zero radiation pattern produced by near-by structures. One reaches the
same conclusion. Fot crawling intruders since the presence of the imperfect ground
produces zero at grazing anéles, complimentary system such as leaky cables should
be employed to improve the reception at grazing angle. However, such structures
cannot be intro&uced in the numerical computations simultaneously due to limited
computer memory resource. |
\
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Er=2.0, con=0.001

Fig 3.6 The radiation pattern of vertical dipoles configuration for elevation angle
g = [-90°,90°], ¢ = 0°.

It is affected by ground parameters.a) ¢ = 2.0, ¢ = 0.001, b) £ = 30.0,
o = 0.1, and by a metallic structure 1)without, 2) with metallic structure.
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Fig 3.7 The radiation pattern of vertical dipoles configuration for clevation angle
8 = [-90°,90°], ¢ = 90°.

It is affected by ground parameters a) ¢ = 2.0, ¢ = 0.001, b) ¢ = 30.0,
o = 0.1, and by a metallic structure 1)without, 2} with metallic structure.
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Fig 3.8 The radiation patterniof vcx{tical dipoles configuration for azimuth angle.

It is affected by ground parameters &) ¢ = 2.0, ¢ = 0.001, b) e = 30.0,
o =0.1, a\s}d by a metallic structure 1)without, 2) with metallic structure.
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Er=2.0, con=0.00!

Fig 3.9 The radiation pattern of horizontal dipoles configuration for elevation angle
8§ = [-90°,90°], ¢ = 0% - \

It is affected by ground parameters a) ¢ = 2.0, ¢ = 0.001, b) ¢ = 30.0,
o = 0.1; and by a metallic structure 1)without, 2) with metallic structure.
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Fig 3.10

hor$zontal dipole

-9 = [-90°,90°], 6 = 90°.

Er=2.0, con=0.00}

Ths radiation pattern of hc_:_riz\bntal dipoles configuration for.elevation angle

—~

It is affected by ground parameters a) ¢ = 2.0, o = 0.001, b) ¢ = 30.0,
o = 0.1, and by a metallic structure 1)without, 2) with metallic structure.

Ere30.0, con=0.1



horizontal dipole

Er=2. 0. con=0.001

Fig 3.11 The radiation pattern of horizontal dipoles conﬁgdration for azimuth angle.

It is affected by ground parameters a) ¢ = 2.0, ¢ = 0.001, b} ¢ = 30.0,
o = 0.1, and by a metallic structure 1)without, 2) with rnct.leic structure.

(A1

Er=30.0, con=0.1
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CHAPTER 4
EXPERIMENTAL PROCEDURE & RESULT

As briefly explained before , other researchers of the Laboratory for Electromag- l
nctics and Microwaves was carring out experimental work on scaled down models.
Tllu: NEC computer package was needed to confirm the validity, through experimen-
tal results, of the scale down model. The basic motiw’dtioq for this experimental
procedure is to have a deeper insight into the effects of metal barrack on the field
distribution of an antenna. And a.l&:.o a.ir[;Iancs in airport and mobile communication
units may disturb the field so that zero radiation pattern, called the shadowing zone,
can occur in the vicinity of these structures. The advantage of testing the coverage
of an antenna configuration of a security system, using a scaled down model is the
flexibility of modify'ing the envircnmental structures. For this type of application,
very near scattered field measurements should be performed. As a first exp;erimental
test, the near ficld scatﬁcring by a conducting sphere was measured and recorded.
In order to eliminate environmental effects, experiments were performed in an ane-
choic chamber which eliminates interfcgence such as reflection fr.om walls, radiation
from instruments and other electronic systems, and thus provides a well controlled
cnvironment for measurements. The sotrce of radiation was a quarterwave monopole
located a few wavelengths away, above a perfectly conducting ground (see Fig 4.1).

The size of the sphere was of the order of a wavelength [18]. A small non-
disturbing electric probe was used to measure the electric field intensity at vari-
ous points ncar the scatterer. The location of the measurement points was pre-
programmed by a computer-aided scanning system. Measured field intensities were
automatically acquired, stored, and displayed. This allowed the data to be measured

with good accuracy in a relatively short period of time.
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perfect conducfiﬁg
sphere

_

monopole

perfect conducting ground

- : -
25 A

Fig 4.1 Sectup of the experiment.

The conducting hemisphere is situated on top of a conducting plane that
can be considered of infinite extent. The data points were taken at an short
electric distance from the sphere in order to measure the near seattered field.

4

4.1 Experimental set up

The quarter-wavelength monopole antenna located above the perfectly conduct-
ing ground was 6.25 A a.w‘ay from the origin of the spherical coordinate system. The
scatterer, which consisted of a perfectly conducting hemisphere of 1.5 Xy diameter
was centered at the origin. According to the image method, this situation is equiva-
lent to the case of a conducting sphere in free space irradiated by a halfu;avc dipole.

The hemisphere was covered with nickel paint coating in order to simulate a perfect
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conducting surface. The ground plane was wrapped with aluminum foil to .simula.te. a
perfect conducting-ground. Its dimension were about 253, by 15)0 .a.nd the operating
frequcn;:y was 2.88 GIIz. The conducting hemisphere was located at ;he centér of the
ground surface. The ‘ground could be considered to be of infinite extent with respect
to the sphere size so that edge éﬁ'cc.ts could be peglected. The measurement points
were located around the hemisphere at a. distance of 1/20)q from it, and at 1/125A,
above the ground plane. Also, two sets of measurement points were positioned along

the ortBogonal axes of the hemisphere in steps of 0.144. .-
4.2 Scanning system

A computer-aided scanring system was developed in the Department [39]. The
block diagram of the system is shown in Fig 4.2. It basically consists of three units:
the transmitter, the rc;:ciV'cr and a computer which controls the movement and ori-
entation of the probe, and the data acquisition system.

The outpui: power from the transmitting antenna can be measured by inserting
a dircctional- coupler at the output of the generator, as shown in Fig 4.3. Two power
meters are connected at the two ports of the directional coupler. The power fed to
the antenna can be deduced from the transmitted and-the reflected power.

A triaxial electric-field probe, which consists of three miniature dipoles oriented
orthogonally with respect to cach other, is used to measure the magnitude of the three
field components with minimum interaction. Each dipole is covered with a protective
substrate to prevent mechanical damage. The RF signal induced in the dipoles is
fed to a zero-bias beam lead Schottky diode placed at their center gap, so that it is
cgnvcrtcd to a DC voltage. The DC output voltage is proportional to the square of

the electric field intensity, assuming that the diodes operate in their quadratic zone:

IEI2 = IE=|2 + IE'r l2 + IE2|2
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Transmitting Receiving (triaxial probes)

antenna - antenna
w1 =D

_ power measurement /
unit shown in Fig 4.3 ' -
attenuator 9 ~ _ LD-——F AMS
SPU.
. LED —V/F
= E
generator
modulation
AF |
generator Fibre-optic
Link
X.V.Z
movement
¢ PC converter FNV

Fig 4.2 Block diagram of the scanning system:

The set-up consists of three basic units: transmitting unit, receiving unit
and computer unit. The computer unit is used to control data acquisition
and movement of the receiving antenna probe.

The telemetry transmitter mounted on the mechanical scanning unit, is used to
amplify and convert the received DC signal into a frequency modulated pulse signal -
for optical transmission. The signal from the dipoles are summed and amplfﬁcd in

the telemetry transmitter through an RMS volta.gé to frequency converter in order to

(l
// ‘r

convert the DC voltage to a series of frequency modﬁlatcd digital pulse trains which
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- generator

outputCs ]
directional coupler| ¢able
' antenna
/ \ Output
‘ power power
meter . meter
reflected power transmitted power

Fig 4.3 The input power feed to the monopole antenna.

arc {ed to an infrared LED (Light Emitting Diode)‘that generates the optical signal.
The frequency modulated signal from the LED 1s then transmitted through optical
fibre to the receiver outside the.a.necihoic chamber. Optical fibre transmission is used
nstead of metallic cable, in order to eliminate RF interferences due to the scattering
by metallic cables and measurement system cle::tronics, and to reduce the cross talk
between transmitting and receiving cha.nneis. .

The transmitter unit has an R.F.(Radio Frequency) generator, amplitude mod-
ulated by an A.F.(Automatic Frequency) generator. A programmable attenuator is

used to control the level of the output signal of the generator, which is then amplified

and fed to the transmitling antenna.

4.3 Experimental results

Experimental results arc compared with those given by the numerical method
described in Chapter 2. From Fig 4.4, it can be clearly observed that ‘oscillations
appear in the results provided by the numerical method while points from the exper-

imental procedure are smoothly distributed. The reason for this oscillatory behavior
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Normalized E Field

/_\ -
remains unknown at this stage. However, it is felt that it is probably due to numerical

instabilities. This explanation will be confirmed in Chapter 5 where the above results
;.re compared with those given by the ana.!}'tica.l approach in the same situation. Also,
the experimental accuracy expected at that 'frequency is better than 5% [39] cannot
explain the discrepances. In Fig 4.5 and Fig 4.6 the measured eclectric field at points
along the orthogonal axes of the hemisphere are normalized and plotted against the
values evaluated by the nuﬁlerical method. For these two sets of points the numerical
method and measurements are in agreement within a constant multiplicative factor
in absolute values. This tends to corroborate the conclusion of numerical instabilities

for points close to the sphere. Hence, a search for an analytical solution is necessary

to validate our conclusion.
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Numerical Method and Experiment
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4.6 Comparison in normalized total electric ficld between Numerical computa-
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CHAPTER 5

EIGENMODE EXPANSION

5.1 Introduction

4

The ideal case used in the experiment was a perfectly conducting hemisphere sit-
uated above perfect ground. The radiation source was a quarter wavelength monopole
located several wavelengths away from the hemisphere. An analytical solution to this
experimental éituation will be found, in order to compare the results with those ob-
tained experimentally and those obﬁa.ined by using the numerical method described in
Chapter 3. It is important to stress that the analytical solution found in this chapter
15 not available in the literature and that a new original approach to solve the prob-
lemn is described in in this thesis. All the structures involved in the experiment, i.e. .
the hemisphere, the monopole and the ground are perfect conductors. As a result,
the probfém can be simplified by using the image method, i.e., it can be replaced by
the case of a conducting sphere suspended in {ree space and irradiated by a halfwave

dipole.

5.2 Assumptions

-

In the literature, all analytical solutions pertain to the problem of the scattering
of a sphere produced by a plane wave, which pertains to a far field conditior [2]
[25]. This also implies that the electromagnetic wavefront which is incident upon the
sphere is constant in magnitude and, consequently, the size of the sphere should be
small. The same assumption cannot be applied in this case, because the size of the

sphere Is comparable to the distance from the source (see Fig. 5.1).
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P(R 6)

perfectly conducting
"sphere

< - >
halfwave 6.26 2
dipole perfectly conducting
ground plane
note: g =

5 = 8 , A= 0.1 meters

f‘ig 5.1 Geometry of the problem for the analytical approach.

Since the plane and the hemisphere are perfectly conducting, tl‘y‘c image
method can be used. )

4

Considering the geometry of the system, the hemisphere can be considered to be
located at the far field of the dipole. Indeed, for a short dipole the general expression

of the elevation component for the electric field is:

- l2
_EE = -é_.(.—l.-._._12_r_ _‘lx_)sing

4re'R® T 7ARZ T X2R >
where K is some constant. In our case R=6.26). Thus, at the location of the sphere:
K 1 2x 4x2

Eg

= 475(245-314376)&3 —J39-1876A3 - 6.26/\3)51”6.

The first two terms are pegligible when compared to the third term, which is the far

field expression of the short dipole:

The far field pattern of the halfwave dipole car be thought of a superposition of that

of short dipoles and is given by [36]:
‘P -31kR r
. 2, e”*R  cos(Fcosd)
Ey = jwu T irE sin si:,nzﬁ
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, ,
where I, is the maximum current distribution occurring at the center of the halfwave

dipole. The above expression involves the function %;: and a function of . For

the halfwave dipole, the electric field at the front and back of the sphere (8 = 90°) is

giv::n by: . -
¢ | — N — ;
1By (5.54) = wﬂk4r(5.5A)Im 8.33391,,
. 9 _
|Ee(7.020)| = wpm)-fm = 6.52941,,
The amplitude ratio between the two sides is:
Ey(5.5)) ‘ _4x(7.020)
B (7020 | ar(ean) - 2704

As one can sce from th: above ratios, there is a significant difference between the
amplitude of the electric 'ﬁ;:ld al the front and ‘the back of the sphere. Therefore, the
gcométry of this specific problem precludes a representation ‘of the dipole source by
a plane wave. In addition, th;: dependence in ¢ is a factor tha.t. has to be taken into
account. However, for the case treated here, it will be shotvn that the solution can
be obtained by replacing, in a first step, the halfwave dipole by a point source at the
same location which ra.dia;tes a pu;'e spherical wave with fields varying as e™7*® /jkR,
where k = 2x/A. )

Considering the volume defined by the sphere, which is important for field match-
ing conditions, the expression of the fields developed by the halfwave dipole is, to a
good approximation, the same as the one developed by a point source. This is due
to the fact that the solid angle at which the sphere is scen by the source is Eela.tively
small, as illustrated by Fig. 5.2.

The maximum differcnce between these two cases in the domain of interest occurs
for 8" ~ 7°. Let Os be.unity;,&‘t‘hen Oh = 0:99% from (5.1). The r_elgtive error is at
most 1% in magnitude for this ;%umption. As the angle 8 increases (see Fig 5.3),
the validity of th; assumption becomes less effective. The radiation pattern of the

dipole can no.longer be simplified by a single spherical wave expression. In this case,
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142 & _

6.26 A

halfwave dipole

ragiation pattern H spherical wave

radiation pattern
- : S

&

Fig 5.2 lllustration of the assumption.
S and H represents the radiation pattern of the spherical source and the

halfwave dipole, respectively.
-

a spherical wave expansion is requ@red, which complicates the problem in a significant

manner.

5.3 Spherical wave expansion

%

The use of spherical-wave expansions [2] [21] [23] is a well-known technique for
solving electromagnetic field problems. The incident field from a radiating object can
be decomposed into summations of eig'cnmodcs. In this thesis, the geometry of the
problem requires _t.hat,".the eigen functions be spherical wave functions. The scattered
field generated by the induced current on the scatterer can be developed with the same

set of eigen functions with unknown coefficients. The single spherical wave function
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of the point source that is used for the scries-development is a scalar function that can
then be transformed into spherical vector functions. The coefficients of the scattered
field can be found by imposing boundary conditions on the total incident field on the
surface of the scatterer. Then, once the coefficients are determined, the total field
can be found anywhere eIsc.:. |

The scattering sphci:c is located at the origin of the coordinate system and its
scattered field can be expressed by spherical waves generated from the origin. The

difficulty resides in the fact that the source (single spherical wave) is not located

donut shape pattern of ' conducting
halfwave dipole sphere

Fig 5.3 Illustratior of the error produced by the assumption.

The clevation angle defined in Fig 5.1 is called &/, .. As this angle increases

mazl
the difference in Oh and Os will also increase, The increased angle is

labelled as &',

at the origin and should be expressed by the same set of eigen functions, but with

different coefficients.
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5.3.1 Scalar representation of the offcentre source

The expansion of an isotropic source centered at the origin is simple, since it
.requires a single spherical function. However, the cxpfession of the same simple source
situated at a point other than the origin is riuch more involved. Let B(ro, 0o, ¢0) be
a point of observation and A(r,,4,,,) the source point of the spherical wave, the
coordinates rg, 8o, 4o, and r,,8,, &, are referred to a fixed coordinate system ccntcrcd
at O (sce Fig. 5.4). The distance from A to Bis, R = (rZ + r? — 2ror, cosy)*/* where
cosy = cosfp cosf, + sinfysinb, cos(do —~ 4,). The problem consists of representing
a wave function genera.ted'in A as a sum of spherical waves gencrated at O, where

\
the scattering sphere is located. The incident wave is spherically symmetric ab‘out

the source point A, and it is expressed by the scalar function }zgz)(kR) ”T“R where

hgzj(kR) is the spherical Hankel function. It is related to the regular Hankel function
by:

K2(0) = (5= )*“H‘ (o).

It can be expanded in ar infinite series [2):

Suppose ro < r,. Then & k + is finite at kR = 0, hence

__,'g
KP(kR) = iR Z enjn(kro) Py (cosv)

where

cninlkro) = -é—(Qn + l)/ h%z)(kR)Pﬂ (cos ) sinydy
0
and P, (cos+y) the Associated Legendre Polynomials. From the relation

d .. mP K2 (6)
() = oy Patnle)
pdp p P
and using Taylor’s theorem [33], one obtains
had mp(2), 172
(_l'a) ko (P )
BP((p+ )Py =3 2=

m=0

m!p!./?m
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Fig 5.4 Definition of geometrical parameters for the analytical approach.

B is the observation point, A is the source point, where OA =r,, OB =

ro. The angle v'is the angle between OA and OB, and |OB| cosy is the
projection of OB upon OA.

Then, if |¢| < [p| the above expression becomes _ N

& (2

oy - N ((kro)? — 2kr, kro cosy)™ (=1)™ b’ (kr,)

hy l(kR) = m§=oﬁ P CTR ;
"

for sufficiently small kro. Since P,(cosv) is orthogonal to all powers of cos«y less

than n; the first term in the expansion of K2R which gives a contribution to the
0 g

right-hand side of (5.3) is for m=n. L
Taking the derivative n times with respect to krg, di»"iding both sides by (krp)",
N, ' ~ |
sciting krg = 0 and #sing the identity o
iale), \2" (n)? . k
dpn 7%= (On + 1)1

in which 3, (p) is the spherical Bessel function of the first kind:

¥ »

in(p) = (—)”2 Jarz(p)
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m which J,{p} is the regular Bessel function of the first kind, one obtains

“Cmr)l 2" L (kry)Po(cosy) cos™ ysin ydy (5.4).

Then, identifying with (5.4):
- . 2«4—1("!)2 “
P, n =2 B
‘/0., (cos ) cos 73_1117&7 @nt D _

en = (2n + 1)AP (kr,).

Firally, substituting into (5.2) yields

-ikR -
e_ij = Z(?n <+ l)hsf)(kr,)j,.,(kro)Pﬂ(cos-y) (ro < 1) (5.5)
n=0

-~

EP(kR) =

Since h%z)(kR) 1s symmetrical with respect to r, and ro, one can casily find

o0

P (kR) = > (@0 DD (kro)salkr,)Palcosy) (ro > 1) (5.6)

rn=0)

where P, (cosy) can be wrilten as )

P,(cosy) = EEM E:—_‘__-:‘%P;" (cosfq )P (cos8h,) cosmlgéo - ¢,) —

where ¢, =1, if m =0, and ¢,, = 2 otherwise. P,f‘(cés #) 1s the Associate Legendre

Polynomials.

'5.3.2 Total Electric field outside the sphere

The solutions of the vector wave equation in spherical coordinates can be deduced
directly from the characteristic functions (5.5) and (5.6) above. Consider a scalur

function f, which is the solution of the wave equation

Vif+Ef=0
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It can be shown [2] that three independent vector solutions L,M,IN can be constructed

from f:

and

M=erf£Lxr=%VxN. (5.7)

Since the divergence of the electric field is zero , and L is a purely lorgitudinal field,

the vector solution can be expressed in term of M,N alone:

_ _ 1 8f __8f ]
| M, =19, ~ sinf 6’ My =% (3-8) ,
and
- n n+l) 18 1 8rf) )
- Ne==f—F5 Ne=g%e M tams 5rdé (5.9)
-

Therelore, the electric field gencrated from a $pherical symmetrical source point at

A is found as

Ei.=M+N (5.10)
bt

where, {rom (5.8) and (5.9), the components of M and IN are

M, =0,
- i(Qn + DA (Er, )70 (kr)
n=0
: Zem ( - ;P"‘(oﬂ)%ﬁ)— nm(é - 4,),
My = ::,Z(zn + DED(kr, )5 (kr)
n—O
- €m (rx —m); P’“(cosﬁ,)i[P,:“(‘cosﬂ)] cosm(d — @) -
AR
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/‘:‘&‘ . /‘\ -
N, = Z(2n+l)(n) (n+ 1)k ’"i’:’ AN

n=0
Z "'(n+ )' F(cost )BT D,
" Ny = ﬂz_o(jgn + 1)55‘2)(}-‘7',)['%"3‘15-}:")]' ‘

) ) . Z m(n+ )r P™(c 059) [P,?‘(cosﬂ)]cosm(qﬁ—é,),

[krin (kf)]'

=_Z(2n+1h@>(k D=

n=0
me P cost) EEE D iy ),

The induced sccondary field {rom the conducting surface can be constructed as

Eyat = ) _almo+bino (5.11)
n=0

where ' i

e B (kr)
Brat v = 3 > bi(n)(n+1) TP} (cos8) cosm,

n=0m=0
h(;’) (ks m(cosf) .
:caf p = E E )—Tsmmd) :
n=0m=0

o Dk (k)8
H S v—

Eicet ¢ = Z Z & (=BP (kr) 5 B[P"‘(cosﬂ)] cosmg)

n=0m=0

[P (cos8)] cosmé),

[krh(”(kr)]f PP (cost) . ¢)'
kr sm9
Applying ‘the boundary condition at r = q, whc.rc a is the ra.dnus of the sphere,

+ (-

onto the surface of the sphere yields
Einc. + E:cct. =0

Einc, -+ E:cct, = 0

From (5.12) the coefficients a! and &, of the scattered field can be determined:

Jﬂ. (ka

& (ka) 2= P"‘(cosB ) (5.13)

m

- Z(?n + 1A (kr, )220

n-i- )’
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o % O (kr,) EoIn kol 5 T
bn_—§(2n+l)hﬂ (k )[k W )] 2 Z "‘(n+ ),P (cos8)  (5:14)

Details of the derivation is given in the appendix.
The resultant total field at any point outside the sphere is the vector sum of the

incident field given by (5.10) and the scattered field given by (5.11):

Etotar = Bine + Escat ' (515)

where E;n. is given by (5.1).

It is important to notice that for detc_rmining the coefficients of the eigenmodes
for the scattered ficld expansion, the source of radiation could be a.pproxim.ated by‘
a spherical point source. However, for the computation of the total field the original
expression of the dipole is used, since the observation point can be at any location‘ )

where the assumption of point source is not necessarily valid.

\

5.4 Results of the eigenmode expansion

As discussed carlier in section 5.2, due to the geometry of the experiment, the
conventional plane wave approximation could not be applied. Consequently, another
model was chosen to approximate the dipole source of radiation. The model chosen
was spherical wave expansion technique to represent an offcenter point source at the
same coordinate as th—e.’écntcr of the ra.dia,fﬁ'xg~ dipole. The scattered field was found
by imposing the bound#ry conditions on the .\E:oﬁa:.?fﬁxg\épﬁere surfacey The total
clectric field at any other point was simply the vector sum of the incident and scattered
electric field. "I‘hc theoretical aﬁ%.lysis was implemented on a VAX11 /750 computer.
The program code can be found in the appendix. First of all, the incident spherical
wave electric field 1s computed to verify the convefgence of the series expansion. Then,
the total field is computed in the near-field scattered region of the sphere and the

results are compared with the measurements and the numerical approach.
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5.4.1 Spherical wave expansion for the incident wave

The series expansion for the spherical wave generated by a point source, involves
an infinite summation. However, in practice, the summation has to be truncated
to a reasonable number of modes. To determine the convergence of the series, the
electric field around the offcenter source at equidistant points was computed. A
convergence test was used in the program to terminate the summati_on process, This
is to optimize the computation time and the summation process and to mininize
truncation errors. The convergence criterion is defined by the parameter ¢ which is
defined as the percentage difference between the previous computed value and the
current computed value, The convergence criterion of 10-* is consid‘crcd acceptable
and was used in the computaton. Convergence was observed for about 60 terms with
this criterion.

The magnitude and phase of the theorctical expansion of the incident clectric
field wave are plotted in Fig 5.5, Fig 5.6 and Fig 5.7, in the 0XZ, OYZ, and OXY
plane, respectively. In each plane, the observation points were taken on concentric
circles centered on the offcentered point source. Their radii were varied from 2 to §
Ao in 2 Ag steps. for observation points near the source, some ripples occurred as
can be seen in Fig 5.5a, Fig 5.6a, and Fig 5.7a. However, for the region of intcrest,
where the scattering sphere is located, the magnitude of the ficld is constant, as is
expected for a spherical wave. The phase of the clectric field is plotted in Fig 5.5b,
Figs 5.6b, and 5.7b. Ripples are also observed in the OXZ, and OXY plane (see Fig
5.5b, Fig 5.7b). Again, as for the magnitude, the phase is constant in the region of
interest, which is the case for a spherical wave.

| In order to compare the a.na.lytical.rcsults and the measurements, the total elec-

tric field was calculated at the same locations as shown in Fig 5.8.
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Fig 5.8 Location of the experimental points arourd a conducting half sphere.

Witkin a constant factor, the values computed by numerical method and theo-
retical analysis agree remarkably well with the measurements for observation points
located on the axes of the sphere, as shown in Figs 5.9 and 5.10. However, for points
located around the sphere, the numerical method displays an oscillatory behavior
which is not corroborated either by the eigen mode expansion or the experimental
results (see Fig 5.11). In this case, the distance of the observation points from the

sphere was 1/20) at 2.88 GHz. In the case of the theoretical analysis, the observation



points give a smooth curve. However, there xs some discrepancy around 180° between
the theoretical analysis and the experimental results. It may also due to the fact that
the observation points are too close to the sphere, since the results for the X and Y
axes arc in good agreement with the cxécrimcnt.al results. In order to further confirm
tha-r.t the oscillatory behavior is due to numerical crrors, the observation points were
located a little further away from the sphere and%cn r-ccvaluatcd by the numerical
method. The oscillatory behavior disappeared and resulted in a smooth curve as can
be see in Fig 5.12, where the distance was increased to 1/5Xy. Onre can conclude that,
these numerical instabilitics are due to the coupling between the measuring probe and

the scattered sphere.
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CHAPTER 6
CONCLUSIONS & COMMENTS

The problem of radiating and scattering structures above an tmperfect ground
was investigated. The general problem cannot be‘solvcd analytically and therefore
numerical methods must be used. Two numerical methods based on the Sommerfeld
integrals and on the Frensel’s reﬁcct.ion coelficient were described in chapter 2, It is
explained that the Frensel’s reflection cocfficient is the most computationally efficient,
at the price of a reduced accuracy, as compared to the Sommerfeld integrals approach.
Thus, it 1s ﬁseful for computef aided design procedures, where manx parameters are
involved. The Sommerfeld integrals approach can be used at the final stage of the
design procedure or for cases where radia'ting structgires are very near the ground,
for which Fresnel’s approach fails. S~

N

A software package (NEC) us'ing the above methods was used to study the field
computation and the performance of a simple wirc-antenna configuration, which is
';)a.rt of a volumetric detection system. ‘The specifications regarding this surveillance
system were that it should be easily installed and deployed under various environmen-
f.a.l conditions. Equivalent models of human and animals were replaced by conducting
cylinders with an cquivalent radar cross-section in order to insert their mod;:l into
tﬁe software, for field computations. Thi's Is a crude approxima.tion for the complex
inhomogenrous structure of human. However, the result can be used as a preliminary
study of the performance of the antenna system. -
Numerical computation results in Chapter 3 showed that, among various combi-

nations, the antepna syz.ﬁ:m consisting of two vertically polarized halfwave dipoles 1s

capablé of best discriminafing between the intrusion of standing (vertically oriénf.cd)
| : '

t .
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human beings against‘&ﬂrﬂdnimals. It 1s also capable, although with le;s margin, of °
detecting crawling (horizontally oriented) humans. On the other hand, the coverage
of the system 13 less efficient in terms of radiation pattern as compared to a hori-
zontzlly oriented bistatic system, especially in the prescnce of metallic structures. In
this case, zero radiation patterns occur‘at different angles, which precludes a hemi-
spherical coverage. Also, it was found that the earth constitutive I;a.'ra.meters affect
the ficld strength in the practical range but not the r?.diation pattern in a significant
manner. F ix;a.lly, it is felt that a complementory system such as leaky cables, should
be added to enhance the coverage at grazing angles.

The method used for numerical corﬁputations was applied for testing the validity
of scaled down models for which near s—cattcred ficld measurcments were performed
in an anechoic chamber. It was found that for observation .point.s very nebr the scat-
terer (1/20A), distrepancies occurred between the experimental measurements and
numerical computa.tions. The latter displayed oscillations which were subsequently
confirmed to be produced by numerical instabilities.

In order to confirm the above conclusion concereing the numerical method, a
new analytical solution based on spherical eigenode expansion was developed. The
analytical solution was found to yield stable solutions, even very near the scatterer.
Comparisons with mecasurements showed that proximity of the scatterer i)robably

influences the antenna probe feed points. However, for observation points located at

distances larger than 1/5) from thé scatterer, discrepancies tend to disappear and

* the three methods agree remarkably well. _ b

jFinally, this?study has shown that the soltware package that analyses antenna
systems and scattering structures above imperfect grounds is very efficient and en-
ables an optimization of simple antenna systems in realistic conditions. However,
numerical instabilities may occur for observation points within a small fraction of

a wavelength from radiating objects. The analytical solution presented here is a
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closed-form solution which utilizes eigermode expansion. It has been found stable
and to converge rapidly. In addition, it is not restricted to simple scatterer but can
be extended to more complex sources (e.g. near ficld) or scatterers. Nevertheless, the

results found here can be used for future work as a reference.
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APPENDIX

Spherical eigenmode expansion for an offcenter point source

”

The spherical wave expansion of an offcenter point source at A(r,,8,,¢,) derived
in chapter 5§ is:

- oo
e JkR

o > (2n 4+ VAP (kr,)ja(kr)Pa(cosy) (¢ < )
n=0 :

P (kR) =

(4.1)

= i(2n+l)hs__z)(kr)jﬂ(kr,)Pﬂ(COS‘r) (r.>r,)
n=0)

where hcoz)(kR) 1s symmetrical with respect to r, and r, and the Associate Legendre
Polynomials P,t"(cosﬂ) are given by:

P,(cosvy) = EO ™ )! P (cos8) P (cos b, )cosm(e,é és)
em =1 ,1m =0, and ¢, = 2 otherwise. j,(p) and h&z)(p) are Spherica.l Bessel
Functions and are related to the Bessel function by j.(p) = (£ )1/21( L(p) and
KD (p) = (3)"°H(2)L(p)

Consider the case v-heré r <h rs. Defining the spherical wave point source
mentioned above as a function f and following the procedure in [2] one can determine
three independent orthogoral vector wave solutions L,M,N. Since the divergence of
the electric field is zero , and L is a purely longitudinal field, the vector solution can

be expressed in term of M,N aloné. Where

- __1 6f __8f
M =0 M=mvs Me=—gp
(n+1) 1 8 (r f) 1 &rf)
M=% NMe=g%e M =ime 8réo (4.2)



. — bR
-The electric field generated from a spherical symmetrical point source e =777, in

vector form is expressed in terms of spherical wave expansion functions as follows:
Eipe =M+ N

where the components of M and N are l

M, =0,
My =-— f:(:zn + DB (kr, )5 (kr)
n—O
ZEmm( + )1 n (CO 9 )_ﬂ"(coe_sm inm(¢_¢‘1)» .
My == 3 (20 + VAP (Er,)in(hr)
n=0
Z mE:; ™ (cos 8, ) [ (cos8)] cosm( — &,).
h
3 ype yIn(kr)
Mo =2 (2n + D)+ DD (k)22
Zn: (n n )1P’"(cos!9 )P (cos8) cosm(g — ¢,),

m=0

- i‘@n + DRk, ]
= om0 . (4.3)
Efm—,,—m—! T (c088,) == P (cos9)] cos m(g — 8,),

Z(Qn + DA (e, )22 [k”"(’")]

(cos®)

Zem (+ )1ﬂc09)—“Tsi om(d — é,).

" The scattered electric field formed by the induced curreat on the conducting sphere
surface can also be expressed in terms a set of spherical wave functions,
o0
Escot = ) almo +bing
n=0
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where

Browtr =30 37 b (Yo o+ (2T ("") ™ (cos 8) cos md,

n=0m=0
Boeat ¢ =E Z ol [~mAD (kr )i—(—cgﬂ sinmg)
n=0m=0
@ '
+ 8] [M%.—]-ae[.?”‘ (cos )] cosmd), " (4.4)
}\) Breet 6 = 32 3 a1 =D (kr) P (c058)] cos g
n=0m=0
/ ‘ ‘ + 8 [om 3% (kr)) P”‘(cosf?) sinmg]

kr | sin

Applying the boundary condition, i.e. the total tangential electric field is zero

al r = a, wherc,a is the radius of the sphere, onto the surface of the sphere yields

Einc' +E:cat, = 0

Einc‘ +E3ca£¢ - 0

The incident electric field and scattered electric field components in the #—direction

at r = @ can be found by substituting r with a in_the equations,

Eine,lv=a = E Z &m(2n +1) (m = |h<‘-’>(kr, )P (cos8, )

22 (n +m)
[~mn(ka )5—%%531 m($ - ¢,) '
+““""Tff°)lagtpf’*(cosencosm(¢ 8] (4.6)

B e = z:o z: k() 2D sinmg)
sy bt el & pn o) cosme),
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Similarly, the ¢ components are:

E;m.l,_a —Z Z €m(2n + 1) "‘) ht“i(kr,)p'"(cose )

n=0m=0 )l
[Jn(ka) [P"‘(cosB)]cosm(qS &)
[):a;,, ka)]’ PM(cos 9)
e m(é - )]

Eyeat élr =a —Z E (2)(k0 [PM(COSQ ]COS m¢]

a=0m=0

] [kah"'” k)] P™(cosf)
-,*-b“[ ka sin 8 sinmé]

Since the sphere is symmetric with respect to the ¢ angle, one can always linelup

the source point with an axis in order to simplify the matching. In this case, taking

¢s = 0, the boundary condition at r = a at ¢ dircction becomes,

Et'nc, lr:cx = _E:cah Ir:a

E Z €m (20 + 1)( — ),hm(kr,)p'“(cose )

n=0m=0
. Pric 59) [kajn(ka)]' 8
{=mja(ka) o= sinmé + ———=
— (2) P (cos 6) m
- {nz..:omzjo mh2 sinf sin ('6]
(2) !
+¥ [[k—“""kaﬂ]— P (cos9)] cos mol}

and also for the tangential electric fields at ¢ direction is:

-E_inq !1’=G = _Esc¢t¢ |r=¢

Z Zj €m(2n + 1)(" )Th(:’)(kr,)P”‘(cosﬁ )

n=0m=0

= ’“(’“‘)ag [P (cos8)] cos mgs — o [Fain(ka)]' P (cos8)

ka sin @
=— {Z Z a, h(z)(ka)—[ (cos§)] cosmé)
n=0m=0
(2) M pm
+ ¥ [m [kah,}cc(k )N Pr SE;O; 8) sin md]}
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J

This is a set of two inhomogeneous equations with two unknowns, namely a,
and b],. In order to find @, one has to eliminate 87,.. First, the equation (A.8), which

involves EYy, is multipied by m—‘m sinme, and the equation (A.9), which involves

siné

E,, 1s multipied b( ;%P;" (cos@) cosmd. The two equations are added together, and
] ! .
the terms with &7 are subtracted, leaving only a7 :

23(2 P(C #) .2 i
—{LLa[th ) SO; )smrpﬁ/

n=0m=0
~ WD (ka)( 5P (cos O cosm? ), \

_ 00 A m 9 41 h(?) k . m 9
nz;ml:l (2n + )( e (kr, )P (cos8,) (A.10)
[—m?j, (ka)(Ercos ) (°°59)) 2 ;n(ka)(-‘ﬁP;" (cos8))? cos m2
+m [kajlika)] P:Ei;se —[P*(cos $)] sinm:ﬁcosn;gé
[ka;n(ka)]’ P™m(cosf) 8 -
o " 89[P (cosﬂ)]gfnécosmqb]
\
Equation (A.10) then becomes .\\
[N
S a R (ka)[m2(Ficosf) SE;‘;SB))? mé+ (55 [pm(.-.ose])2 cos m?g)
n=0m=0 .
= o';‘Z"}em(" +1)E“+”‘3 T B (kr, )P (co8 8, )i (ka)(=1) (4.11)
n=0m=0
[m? (—SE;OTSM) mé-i-( [P,:“(cosﬁ?)])2 cos m? 4] )
-V
Thercfore, ~

In (ka)

al, == (20 + AP (kr,) 20— "G
n=0 (k )

Z ”‘(n-;- ), Py (cosé’) (4.12)

A

N

Similarly, b, can be found by multiplying (A.9) by & [P (cos8)] cosmg, and (A 10)
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by m-‘p:%%iﬂ sinm¢, and dhen subtract the two equations,

"{z E br [(ﬂlf—;(ka—)]' (89[1-""‘((:059 N)? cos® mé

n=0m=0

kah'P (ka)]' Pr(cos) .. .
_m2[ a - d)] ( S( ; ))2smm2<;’:]},

= Z Z €m(2n + 1) m) B (kr, )P (cosb,)

n=0m=0 m)!
[[kaJ;cikG)] [Pm (cos B)])? cos? me + m? [ka.f;cika)]' Pé"sngfﬁ') 12 sin m2s
—mjn(k )—"Sffl_c;w-)' 889 =5 P (cos6)]sin me cos mé
+ mjn (k) ) 2 b cos )] sin m cos mg]
Then equation (A.13) simplifies to; >

ah® !
S 3 oy ek kel 0 (G5BT (cosd]) cos? e+ m*(FL 202 iy g

n=0m=0 ka
= ZO Z_:oem(% + 1)(“ ),ht'-’)(kr )P (cost, )—_["“j;:f:‘“”'
[(.8_9-[13':“ (cos 9)])* cos:"}./é + m%%)z sin m2g)

/
4
Similarly &7 ‘is obtained as:

= 3 (2) [kajn (ka)) (n —m)!
bﬂ - §(2n+l)kn (k J)[kah(z)(ka) Z €m0 n+m (COSB,)
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MAIN PROGRAM

To evaluate the total electric field scattered by

a perfect conducting sphere. The incident electric
field is the field generated by a offcentered point
source. The wavefront of the point source is
constant in phase and magnitude. The approximation -
of the spherical wave is a summation of spherical
wave functions. They consists of spherical Bessel
function, and Associate Legendre Polynomials. .

OO0NOOO0000NNOa0n

IMPLICIT REAL*8 (A-H,0-Z)
COMPLEX*16 ESRAD,ESTHETA,ESPHI,ZKRJ,ZKEX,EINC,
+ ESCAT2,ESCAT,ETOL,
+ ETOLZ ,EIRAD,EITHETA,EIPHI,EINC2
INTEGER*4 N
CHARACTER*12 FILENAME,FILENAMELl,FILENAME2
WRITE (2,10)
10 FORMAT (/,2X,"ETOL DATA FILENAME>’,S)
READ (l.’(a)’) FILENAME
OPEN (1Z,FILE=FILENAME,STATUS='NEW’ )
WRITE (2,11) ) :
11 FORMAT (/,2X,’ESCAT DATA FILENAME>',$)
READ (1,’(a)’) FILENAMEL
OPEN (11,FILE=FILENAMEL,STATUS='NEW’ )
WRITE (2,12) ,
12 . FORMAT (/,2X,'EINC DATA FILENAME>’,S)
READ (1,’(a)’) FILENAME?2 '
OPEN {10,FILE=FILENAME2,STATUS='NEW’)

‘Input of summation number ’N’, this is the maximum
number that the summation would go. The. individual
summation under is determine by the convergence factor

input later on A/‘\\
WRITE (2,*) 'N?’ |
READ (1,*) N

QOO0 nNn

N0

Input the rectangular coordinates of the source point
WRITE (2,*) 'X1,Y¥1,z1?2" )
READ (1,*) x1,v1,z1
C
C Inpuvt the radius of the conducting sphere
C

WRITE (2,*} *RP?(RADIUS OF SPHERE? )IN METER’
READ (1,*) RP

Input the radius of the measuring points

NOo

WRITE {(2,*) rss?’
- READ (1,*) Ss
PI=DACOS(-1.0D0)
c .
C Format for plotting graphs of the cutput data file
o .
WRITE (190,701)
701 FORMAT (Tl1,'Ei vs PHI’)



. WRITE (10,702) : - .
702  FORMAT (T1,’.HL = PHI')
' WRITE (10,703) L{
703 - FORMAT (T1,’.VL = EP')

WRITE (10,704)

70 FORMAT (Tl,’-——————-—*-———————4-—')
: WRITE (11,801)
801 ORMAT (T1,'Es vs PHI')

. WRITE (11,802)
802 FORMAT (T1,’.HL = PHI’)
WRITE (11,803)
803 FORMAT (T1,’.VL = EP’)
' WRITE (11,804) -
804 FORMAT (T1,’ ————— e~ ")
WRITE (12,901)
S01 FORMAT (Tl,'Et vs PHI')
WRITE (12,902)
- 902 FORMAT (T1,’.HL = PHI') Lot .
. WRITE (12,903) : ~—
903 FORMAT (T1,’.VL = EM’) ’
. WRITE (12,904)
904 7 FORMAT (Tl,’ —————memm e ")
o : _ _
C Input the frequency of operation, and convergence factor
¢ :
WRITE (2,*) 'FREQ?(Hz), CONVERGENCE FACTOR?'
READ (1,*) FREQ, CONV
C ' .
C Compute the value of propagating constant beta (k)
c
E0=8.8542D-012
UQ=4.0D-7*PI
OMEGA=2,(QD0*PI*FREQ

ZKHOMEGA*DSQRT(UOKFO) {
C S
C Compute the spherical cgordinates of the source point >
c .
RS2=X1**24 Y1 **#2421%*2
RS=DSQRT{RS2)
THETAS=DACOS(Z1/RS)
IF (X1 .NE. 0.0D0) THEN
W1l=DABS{Y1l/X1)
PHIS=DATAN{W1)
IF (X1 .LT..0.0D0 .AND. Y1 .GT. 0.0D0) PHIS=PI-PHIS
IF (X1 .LT. 0.0DO .AND. Y1 .LT. 0.0D0) PHIS=PI+PHIS
IF (X1 .GT. 0.0D0 .AND. Y1 .LT. 0.0D0) PHIS=-PHIS
IF (X1 .LT. 0.0D0 .AND. Y1 .EQ. 0.0D0) PHIS=PI
ELSE ,
PHIS=PI/2.0D0
IF (¥l .LT. 0.0D0} PHIS=-PI/2.0DO0
END IF
c

C Compute ks, kp, cos(theta s}, and sin(theta s)
C ' ,

XKS=ZK*RS

XKPwZK*RP

X5=DCOS(THETAS)

XSS=DSIN(THETAS)
C

C The observation points are compute in.a loop of 36 points

] . }
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DO 9999 K=1,36
Compute the spherical coordinates of the observation points

A=(K-1)*10.0D0
RO2mSS**240 . 008**2
RO=DSQRT(RO2) '
THETAO=DACOS(0.008/R0)}
PHIO=(K-1)*PI/18.0D0

Compute ko, cos{theta o), and sin(theta.o)
XKQwZK*RO

X0=DCOS{THETAQ)
XOS=DSIN(THETAQ)

The three components of the incident electric field

CALL ERADL (N, XKS,XKO,XS,XSS +X0,X0S, PHIS,PEIO,

+ RS,RO, CONV EIRAD)
CALL ETHETAL (N XKE,XKO,X5,X8S5,X0,X0s, PHIS PHIO,

+ RS,R0,CONV, EITHETA) . ‘
CALL EPHI1 (N, XKS XKO,Xs,XS$s,X0,X08,PHIS,PHIO, .

+ RS,RO, CONV EIPHI)
The three components of the scattered electric field

CALL ERADZ (N,6XKS,XKO,XKP,XS,XSS,X0,X0S,PHIS,PHIO,

+ R5,R0,CONV,ESRAD)

CALL ETHETA2 (N XKSs, XKO XKP.,.X§, XSS X0,X05,PHIS,PHIO,
+ RS,RO, CONV ESTHETA)

CALL EPHI2 (N ,XKS XKO,XXpP,XS,XSs,X0,X0S,PEIS,PHIO,
+ RS, RO, CONV ESPHI) '

The incident electric field

EINC2-(EIRAD)**2+(EITHETA)**2+(EIPHI)**2
EINC=CDSQRT(EINC2)

EINCM=CDABS({EINC)

WRITE (10,*) A,EINCM

Thg scattered electric field

ESCAT2=(ESRAD) **2+(ESTHETA) **2+ ( ESPHI ) **2
ESCAT=CDSQRT(ESCAT2)

ESCATM=CDABS (ESCAT)

WRITE (11,*) A,ESCATM

The total electric field -

ETOLZ-(EIRAD+BSRAD)**2+(EITHETA+ESTHETA)**2
+ +(EIPBEI+ESPHI ) **2

ETOL=CDSQRT(ETQOL2)

ETOLM=CDABS(ETOL)

WRITE (12,*) A,ETOLM

9599 CONTINUE

STOP
END



R
C

C A series of six main subroutines to evaluate the individual
C spherical components of the incident and scattered waves
c
C Main subroutine to ~compute the r component of incident field
c
‘ SUBROUTINE ERAD1 {N,XKS,XKO, XS, XSS, X0, X0s,PHIS,PHIO, -
+ RS.. RO, CONV;EIRAD)
IMPLICIT REAL*S (A—H 0-2) :
COMPLEX*16 HNS,HNC,RADNI,EIRAD],EIRAD,ABC1,ABDL .
DIMENSION BJS(B2),BJ0O(82)
CALL BEJH (XKO,N,BJO)
CALL- BEJH (XKS,N,BJS)
EIRAD]1=DCMPLX(0.0D0,0.0D0)
' DO 1001 I=0Q,N
ABC1=EIRADI
CALL HN (XKS,I,HNS) L
CALL BN (XKO,I,ENO)
IFr (RO .LT. RS) THEN
.. RADNI=I*(I+1)}*(2. 0*I+l)*HVS*(BJO(I+l)/XKO)
ELSE
RADNI-I*(I+1)*(2 0*I+l)*BJS(I+1)*(HNO/XKO)
END IF
SUMNE=0.0D0
po 20801 J=0,71 | - ;
EMFA=EMFACT(J,I) ) '
PMNS=PLGNDR(I,J,XS)
PMNO=PLGNDR(I,J, X0)
o~ RPHI=J*(PHIO-PHIS)
. : RADNJ=EMFA*PMNS*PMNO*DCOS(RPHI)
(" SUMNR=SUMNR+RADNJ !
2001 CONTINUE
‘ ETRAD1I=EIRAD1+(RADNI*SUMNR)
ABD1=EIRADL .
IF (I .EQ. 0) ABDl1=1.0D0
ABEl=CDABS( (ABD1-ABCl)/ABD1)
IF (ABEl .LT. CONV) GOTO 1231

1001 CONTINUE s
1231 EIRAD=EIRADT
RETURN .~
END
C
C 7 .
C Main subroutine to compute the compeonent of scattered field
c .
C

SUBROUTINE ERAD2 (N,XKS,XKO,XKP,XS,XSS,X0,X0S,PHIS,PHIO,
+ RS,RO,CONV,ESRAD) :
IMPLICIT REAL*8 (A-E,0-Z)
COMPLEX*16 HNS,HNO,RADNI,ARN,BRN,ESRADI, ESRAD ABC1,ABD1
DIMENSION BJS(BZ) BJO(SZ)
CALL BEJH (XKO,N,BJO)
CALL BEJH (XKS,N,BJS)
ESRAD1=sDCMPLX(0.0D0,0.0D0) . {
DO 1001 I=0,N J
ABCl=ESRADIL , ‘
CALL HN (XKsS,I,HNS) - .
CALL BN (XKO,I,HNO) .
CALL RN (XKP,I,ARN,BRN)
IF (RO .LT. RS) THEN . .

3
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* RADNI=I*(I+1)%*(2. 0*I+l)*HNS*(HNO/XKO)*BRN
ELSE
RADNI-I*(I+1)*(2.0*I+l)*BJS(I+1)*(HNO/XKO)*BRN
END IF
SUMNR=0.0DO0
DO 2001 J=0,I
EMFA=EMFACT(J,I)
PMNS=PLGNDR{I,J,XS)
. PMNO=PLGNDR(I,J,X0)
RPHI=J*( PHIO-PHIS)
RADNJ=EMFA*PMNS*PMNO*DCOS ( RPHEI )
SUMNR=SUMNR+RADNJ
2001 * CONTINUE
' ESRADI=ESRAD1+ (RADNI*SUMNR)
ABD1=ESRADIL .
IF (I LEQ. 0) ABD1=1.0D0
ABEl=CDABS( (ABD1-ABCl)/ABD1)
IF {(ABE1l .LT. CONV) GOTO 1231

1001 CONTINUE .
1231 ESRAD=ESRAD1
RETURN
END
C
C.
C Main subroutine to compute the theta component of incident field
C .
C

SUBROUT%FE ETHETAL (N,XKS, XKO, XS, xss X0, X0S,PHIS,PHIO,
+ RS,RO,CONV, EITHETA)
IMPLICIT REAL*8 (A~H O—Z)
COMPLEX*16 HNS,HNO,HNOD,EITHETA2, EITHETA,ABC2,ABD2,
+ THAMI THANI
DIMENSION BJS(BZ) BJO(82)
CALL BEJH (XKO,N,BJO)
CALL BEJH (XKS,N,BJS)
EITHETA2=DCMPLX(0.0D0,0.0D0)
DO 1002 I=0,N
ABC2=EITHETAZ2
CALL HN (XKS,I,EBNS)
CALL HN {XXO,I,HNO)
CALL BNOD (XKO,I,BJOD)
CALL HND (XXO,I,HNOD)
~ IF (RO .LT. RS) THEN
TEAMI={2.0%I+1)*HENS*BJO(I+1)
THANI={2.0*I+1)*HENS*(BJOD/XKO) '
ELSE
THAMI=(2.0*I+1}*BJIS{I+1)*HNO
THANI=(2.0*I+1)*BJS{I+1)*(HNOD/XKO)
END IF
SUMMT=0.0D0
SUMNT=0.0DO
DO 2002 J=0,1I
EMFA=EMFACT(J,I)
PMNS=PLGNDR(I,J,XS} \\
PMNO=PLGNDR(I,J,X0) \
PMNOD=PLGNDR(I,J+1,X0}
IF (XO0$ .EQ. 0.0D0) THEN
PMNOS=PS(I,J,X0)
ELSE
PMNOS=PMNO/X0S



—2002 CONTINUE - - \

END IF
RPHI=J*(PHIO-PEIS)
THAMJ-EMFA*PMNS*PhNOS*(~J)*DSIN(RPHI}
THANJ-EMFA*PMNS*PMNOD*DCOS(RPHI)
~ SUMMT=SUMMT+TEAMJ
SUMNT=SUMNT+THANJ .
EITHETA2=EITHETAZ2+( THAMI *SUMMT+THANI *SUMNT )
ABD2=EITHETAZ - _
IF (I .EQ. 0) ABD2=1.0D0
ABE2«CDA®S( (ABD2-ABC2)/ABD2) N
IF (ABE2 .LT. CONV) GOTO 1232°

1002 CONTINUE . : . _ -~
1232 EITHETA=EITHETA2 -
RETURN
END
C
C B
C Main subroutine to compute the theta component of scattered field
c : -
c

SUBROUTINE ETHETA2 (N,XKS,XKO,XKP,XS,XSS,X0,X0S,PHIS,PHIO,
+ RS,RO, CONV}ESTHETA)

IMPLICIT REAL*S (ArH 0-2Z)

COMPLEX*16 HNS,ENO,HNOD,ARN,BRN, ESTHETAZ ESTHETA ABC%,ABDZ
+ THAMI , THANTI

DIMENSION BJS(82) BJO(82)

CALL BEJH (XKO,N,BJO)

CALL BEJH (XXS,N,BJS)

ESTHETA2=DCMPLX(0.0D0,0.0D0)

DO 1002 I=0Q,N

ABC2=ESTHETA2

CALL HN (XKS,I,HNS)

CALL HN (XKO,I,HNO)

CALL BNOD (XKO,I,BJOD)

CALL HND .{XXO,% ,HNOD)

CALL RN (XKP,I,ARN,BRN)

IF (RO .LT. RS} THEN
THAMI=(2.0*I+1)*HENS*HENO*ARN
THANI=(2.0*I+1)*HNS*(HNOD/XKO)*BRN -

ELSE
THAMI=(2.0*I+1)*BJS(I+1)*HENO*ARN
THANI=(2.0*I+1)*BJS(I+1)*(HNOD/XKO)*BRN

END IF

SUMMT=0.0D0

SUMNT=0.0D0

DO 2002 J=0,I L
EMFA=EMFACT('J,I) T .
PMNS=PLGNDR(I,J,XS)

PMNO=PLGNDR(I,J,X0)
PMNOD=PLGNDR(I,J+1,X0)
IF (X0S .EQ. 0.0D0) THEN
PMNOS=PS({ I, J  X0)
- ELSE

‘ PMNOS=PMNO/XOS
END IF
RPHI=J*{PHIO~PHIS)(
THAMJ=EMFA*PMNS*PMNQS* { — J)*DSIN(RPHI)
THANJ=EMFA*PMNS*PMNOD*DCOS ( RPHI )
SUMMT=SUMMT+THAMJ

79



& SUMNT=SUMNT+THANJ. -

2002 CONTINUE |
ESTHETA2=ESTH A2+(THAMI*SUMMT+THANI*SUMNT}
ABD2=ESTHETA2

IF (I .EQ. 0) ABD2=1.0D0 "
ABE2=CDABS ( (ABD2-ABC2 ) /ABD2 ]
IF (ABE2 .LT. CONV) GOTO 1232

1002 CONTINUE -

1232 ESTHETA=ESTHETA2
RETURN
END

- ™~

C

c .

C Main subroutine to compute the phi component of incidew
c S

C

SUBROUTINE EPHI1 (N,XKS,XKO,XS,XSS,X0,XOS,PHIS, PHIO,

+ RS, RO, comv EIPHI)

IMPLICIT REAL*8 (A—H 0-2)
COMPLEX*16 ENS,HNO,HNOD,EIPHI3,EIPHI,ABC3,ABD3,

+ PHIMI,PHINI
DIMENSION BJS(82),BJ0O(82)
CALL BEJH (XKO,N,BJO)

CALL BEJH (XXKS$,N,BJS)
EIPHI3=DCMPLX(O ooo 0.0D0)
DO 1003 1=0,N

ABC3=EIPHI3

CALL HN (XKS,I,HNS) -

CALL HN (XKO,I,HNO) .

A CALL BNOD (XKO,I,BJOD)

CALL HND (XKO,I,HNOD)

IF (RO .LT. RS) THEN
PHIMI=(2.0*I+1)*ENS*BJO(I+1)
PHINI=(2.0*I+1)*HNS*(BJOD/XKO)

ELSE
PHIMI=(2.0*I+1)*BJS(I+1)*HNO

N\ L _ PHINI=~(2.0*I+1)*BJS(I+1)*(HNOD/XKO)

END IF

SUMMP=0.0D0 N

SUMNP=0.0D0 >

DO 2003 J=0,I 4

N EMFA=EMFACT(J,I)

PMNS=PLGNDR(I,J,XS)
PMNO=PLGNDR(I,J,X0)
PMNOD=PLGNDR(I,J+1,X0)
IF (X0S .EQ. 0.0DD) THEN
PMNOS=PS(I,J,X0)
ELSE
PMNOS=PMNO/X0S
END IF
RPHI=J*(PHIO-PHIS) _
PHIMJ=EMFA*PMNS*PMNOD* (-1) *DCOS (RPHI ) ¥
PHINJ=ZMFA*PMNS*PMNOS* (~J) *DSIN(RPHI )
SUMMP=SUMMP+PHIMJ
SUMNP~SUMNP+PHINJ
2003 CONTINUE

EIPHI3-EIPH13+(PHIMI*SUMMP+PHINI*SUMNP) P

ABD3=EIPEI3 -

IF (I .EQ. 0) ABD3=1.0DO :

ABE3=CDABS{ (ABD3-ABC3)/ABD3)

/S
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’ ‘ IF (ABE3 .LT. CONV) GOTO 1233
1203 CONTINUE

1233 EIPHI=EIPHI3
RETURN
END
Main subroutine to compute the phi component of scattered field

aOaOnn0n

SUBRQUTINE EPHIZ (N,XKS,XKO,XKP,XS,XS85,X0,X0s,PHIS,PHIOC,
+ RS,RO,CONV,ESPHI)

IMPLICIT REAL*8 (A-H,0-Z2)

COMPLEX*16 HNS,HNO,HNOD,ARN,BRN,ESPHI3,ESPHI,ABC3,ABD3,

+ PHIMI,PHINI '
DIMENSION BJS(82),BJC(82) _///

CALL BEJH (XKO,N,BJO)
CALL BEJH (XKS,N,BJS)* -y
 ESPHI3=DCMPLX(0.0D0,0.0D0) ,

DO .1003 I=O0,N L
ABC3=ESPHI3 --gi
CALL HN (XKS,I,HNS) :
CALL HN (XKO,I,HNO)

CALL BNOD (XKO,I,BJOD)

CALL HND (XXO,I,HNOD)

CALL RN (XKP,I,ARN,BRN)

IF (RO .LT. RS) THEN
PHIMI=(2.0%*I+1)*HNS*ENO*ARN
PHINI=(2.0*I+1}*HENS*(HNOD/XKO)*BRN

ELSE :
PHIMI=(2.0%I+1)}*BJS(I+1)*ENO*ARN * )
CHINI=(2.0*I+1)*BJS(I+1)*(HNOD/XKO)*BRN (’

END' IF >

SUMMP=0.0D0

SUMNP=0.0D0

DO 2003 J=0,1
EMFA=EMFACT(J,I)

PMNS~PLGNDR(I,J,XS) (
PMNO=PLGNDR(I,J,X0)
PMNOD=PLGNDR(I,J+1,X0) .
IF (X0S .EQ. 0.0D0) THEN
PMNOS=PS(I,J,X0)
ELSE
PMNOS=PMNO/XOS
END IF
RPHI=J*( PHIO~PHIS)
PEIMJI=~EMFA*PMNS*PMNOD* (-1 )*DCOS(RPHI)
PHINJ=EMFA*PMNS*PMNOS* (-J ) *DSIN(RPHEI )
SUMMP=SUMMP+PHIMJ ‘
SUMNP=SUMNP+PHINJ
2003 CONTINUE
ESPHI3~ESPHI3+(PHIMI*SUMMP+PHINI *SUMNP)
ABD3=ESPHEI3
IF (I .EQ. 0) ABD3=1.0D0
ABE3=CDABS( (ABD3-ABC3)/ABD3)
IF (ABE3 .LT. CONV) GOTO 1233

»

1003 CONTINUE
1233 ESPHI=ESPHI3
RETURN
END
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- C

C A set of subroutinmes to compute the functions of the
C spherical wave expansion technique to evaluate the
C total electric field .

c
SUBROUTINE RN (XKP,N,ARN,BRN)
"IMPLICIT REAL*8 (A-H,0-2)
COMPLEX*16 HNP,HNPD,ARN,BRN v
INTEGER*{ N )
DIMENSION" ZJ(82),2Y(82)
CALL BEJH (XKP,N,ZJ)

BJP-ZJ(N+1)‘

BIPM=ZJ(N)
BNPD=XKP*BJIPM+ (N} *BJP
CALL BEYH (XKP,N,ZY)

" BYP=ZY(N+1)

BYPM=ZY{N)
YNPD=XKP*BYPM+(N)*BYP
HNP=DCMPLX(BJP,-BYP)
HNPD=DCMPLX({BNPD,-¥YNPED)
ARN=-BJP/HNP - ;
IF (N .EQ.0) THEN

HNPD=1.D0
END IF
BRN=-BNPD,/HNPD
RETURN
END

of

.C ‘ .
SUBROUTINE BNOD (XKB,N,BNBD)
IMPLICIT REAL*8 (A-H,0-2Z)
INTEGER*{ N
DIMENSION z{(82)
PI=DACOS(-1.0D0)
CALL BEJH (XXB,N,Z)

BJB=Z (N+1)

BJBM=2(N)
BNED=XXKB*BJBM+(N)*BJB
IF (N .EQ. 0) BNBD=0.0DO
RETURN )
END -

c
C

SUEROQUTINE HND (XKB,N,ENBDS)
IMPLICIT REAL*8 (A-H,0-7)
COMPLEX*16 HNBD,HNBDS
INTEGER*4 N
DIMENSION Z(82),W(82)
PI=DACOS(-1.0DQ)
CALL BEJH (XKB,N, Z)
BJE=Z{N+1)
BJEM=Z (N)
BNBDaXKB*BJEM+(N) *BJB
CALL BEYH (XKB,N,W)}"
BYB=W{N+1)
BYEM=W(N)
YNBD=XRKB*BYEM+ (N ) *BYR™
HNBDS=DCMPLX{BNBD,~-¥YNBD)
IF (N .EQ. 0) HNBDS=DCMPLX(0.0D0,0.0D0)
RETURN o
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END
outine to compute the spiterical Hankel function

SUBROUTINE EN (XKB,N,HNBS)
IMPLICIT REAL*8 ‘(A-H,0-Z)
COMPLEX*16 HNB, HNBS
INTEGER*4 N )
DIMENSION 2J(82),ZY(82), GAM(SZ)
PI=DACOS(-1.0D0)
COT=DSQRT(PI/{2.0*XKB)}) -
IF (XKB .GT. 0.01) THEN
CALL BEJH (XKB,N,ZJ)
BJB=ZJ(N+1) - .
" CALL BEYH (XKB,N,ZY) <
BYBmZY(N+1)
HNBS~DCMPLX(BJB,-BYB)
ELSE
GAN(l)-DSQRT(PI) > )
XMULT=1.0D0 ) ‘ -
DO 999 I=1,N
XMULT-XMULT*(Z 0*1-1)
GAM({I+1)=XMULT*GAM(L)/2.0%*T
CONTINUE
HN2m=(2.0D0/XKB)}** (N+0. 5D0)*GAM(N+1)/PI
HNBS=DCMPLX(0.0D0,COT*HN2) :
END iF
RETURN -
END '

outine to compute the first spherzcal Bessel function
SUBROUTINE BEJH (X,N,Z) )
IMPLICIT REAL*8 (A-H,0-Z): .

_DIMENSION Z(82),GAM(82) -

899

777

INTEGER*4 N o
PI=DACOS(~-1.0D0) . : o~
IF (X .LT. 1.0D-10) X=1.0D-10 '
CO=~1.0D0/X ’
COT=DSQRT(PI/(2.0D0*X))

IF (X .GT. 0.30) THEN

R

Z(1)=CO*DSIN(X)

IF (N)1,1,2

Z2(2)=CO*(DSIN(X)/X-DCOS(X))

IF (N-1)1,1,3 . N
- DO 4 I=2,N

Z(I+l)-(2 0*(I-0. SDO)/X)*z(I) z(I -1) - o
CONTINUE L -
ELSE o ) h
GAM(1)=DSQRT(PI)
XMULT=1.0D0
DO 999 .I=1,N+1 .
XMULT=XMULT*(2.0*I-1) o
GAM(I+1)-XMULT*GAM(1)/2 O**T C
CONTINUE
Z(1)mCOT*(X**0 . 5D0/(2 0**0.5D0*GAM(2)))
DO 777 J=1°,N

Z(J+1)mCOTH (X% (340, 500)/(2.0**(J+o.590)*GAMkJ+2)))

CONTINUE
END IF
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END N “\\.

1-

.C N

c Subroutlne to compute the seccn&}spherlcal Bessel function
C

SUBROUTINE BEYH (X,N,Z) ! _ /
IMPLICIT REAL*8 (A_H,O0-3) | J
DIMENSION Z(82),GAM(82) \ J .
‘INTEGER#*4 N \ e
PI=DACOS(—1.0D0) S

IF (X .LT. 1.0D-10) X=1.0D-10

CO=1.0D0/X

COT=DSQRT(PI/(2.0D0*X))
IF (X .GT. 0.02) THEN
Z(1l)=—CO*DCOS(X)
IF (N)1,1,2
Z(2)=-CO*(DSIN(X)+DCOS(X)/X)
IF (N-1)1,1,3
DO 4 I=2 N
Z(I+1)=(2.0*(I-0.5D0)/X)*Z(I)-2Z(I~-1)
CONTINUE .
ELSE
GAM(l)-DSQRT(PI)
XMULT=1.0D0
DO 999 I=1,N
XMULT=XMULT*(2.0*I-1)
GAM(I+1)-KMULT*GAM(1)/2 O**T
CONTINUE
Z(1)==COT*((2.0%*(Q. SDO*GAM(l))/(?I*X**O 5D0))
DO 777 J=1,N
Z(J+l)=-COT*((2 0**(J+O 5D0)*GAM(J+1))/(PI*X**(J+0 SDO)))
CONTINUE
END IF
RETURN
END .

FUNCTION EMFACT (M,N)
IMPLICIT REAL*8 (A-H,0-ZY
INTEGER*4 M,N,ITOP,IBOT
ITOP=N-M -
IBOT=N+M
TOP=FACTP(ITOP) °
BOT=FACTP(IBOT)
TB={TOP/BOT)
IF (M .EQ. 0) THEN
EMFACT=TB
ELSE
EMFACT=2.0D0*TB
END IF _
RETURN L.
END

FUNCTION FACTP (N)

REAL*8 FACTP

INTEGER*4 N

FACTP=1.0D0

IF (N .LT. 1) GOTO 2 T
DO 10 I=2,N
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FACTP=
CONTINUE
RETURN
END

FUNCTION
REAL*8 X,
INTEGER*4
PMM=1.0D0
IF(M .GT.

FACTP*1

Subroutine to compute the Associafe Legendre Polynomiais

PLGNDR(L, M X)
PMM, SOMX2,FACT, PMMP1,PLL, PLGNDR
L,M,LL

0) THEN

SOMX2=DSQRT{ (1.0D0-X}*(1. 0D0+x))

FACTw=1.
DO 10

000
I=1,M

. PMM=-PMM*FACT*SOMX2
FACT=FACT+2.0D0 -
CONTINUE

END IF
IF(L .EQ.

M) THEN

PLGNDR=PMM

ELSE
PMMP1l=
IF(L.

PLG
ELSE
DO

CoNn

X*(2. ODU*M+1)*PMM-
EQ. M+1) THEN
NDR=PMMP1

20 LL=M+2, L -

PLL={X*(2.0D0*LL-1)*PMMP1— (LL+M—1)*PMM)/
(LL-M) . .

PMM=PMMP1 \ ) '

PMMPl=PLL =

TINUE

PLGNDR=PLL ' }

END IF

END IF
IF (L .LT.

PLGNDR

.END IF

RETURN
END

M) THEN
=0.0D0 .

FUNCTION PS(N,M,X)
IMPLICIT REAL*§ (A—H 0-Z)

INTEGER
PI=DACO
XAB=DAR
SM=1,0D

F(SM .

*4 M,N
S(-1.0D0)

S(X)

0-XAB

LT. 1.0D-10) "THEN

IF (X .GT. 0.0D0) THEN

P

ELSE

b

END

END IF

.RETURN
END

Sm(- l)**(M)*((N*(N+l))/2 0D0)
Sw{-1)}**(N+M-1)*((N*(N+1))/2. ODO) y
IF
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