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Abstract — We investigate electromagnetic
scattering from metallic thin wire structures
located over planar and spherical lossy dielectric
half-spaces by applying Green’s function
formulation and method of moments in the
resonance region and under ‘“high contrast
approximation” (HCA). For this purpose, in the
calculations of the impedance matrix and the
potential column of the moment system, we
employ the Green functions of King valid for
arbitrary range under HCA and the asymptotic (far
field) Green functions for planar and spherical
impedance surfaces delivered by Norton and Wait,
respectively. For a verification of the developed
codes, the current distributions obtained under
plane wave illumination on the arms of a cross
shaped thin wire structure are compared to the
same results obtained by the commercial software
SNEC™. Various illustrations for the scattered
electrical field from a thin wire plate located over

planar and spherical half-spaces are also
presented.
Index  Terms — Electromagnetic  scattering,

method of moments, Sommerfeld problem, thin
wires.

I. INTRODUCTION
Ever since the pioneering work [1] by
Sommerfeld over a century ago the interest in the
derivation of computationally efficient solutions
for the radiation fields of a Hertzian dipole in
inhomogeneous media has constantly grown in
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parallel to their applications in diverse areas of
electrical engineering. While it is impossible to
provide a satisfactory list of all such attempts in
literature to date, a wide account can be reached in
[2]. The class of solutions to the Sommerfeld
problem that constitute the topic of the present
investigation is the Green functions derived by
King in 1982 [3] for Hertzian dipoles radiating
over a planar lossy dielectric half-space. The most
distinctive aspect of King’s fully analytical
solutions, which have been collected in [4] for
various different properties of ambient medium, is
that they apply for arbitrary range under high
contrast approximation (HCA). Following 1999 to
date, King’s method has been applied to many
new geometries involving stratified spherical
grounds in numerous works [5-17] initiated by his
co-workers.

The thin wire mesh electromagnetic model of
an arbitrarily shaped conducting body was first
introduced and tested experimentally in 1966 by
Richmond [18]. This pioneering work was
followed by numerous theoretical as well as
experimental investigations [19-27] to specify the
ranges of validity of wire mesh models for certain
canonical structures. Following the development
of the method of moments (MoM) in 1967 by
Harrington [28], there has appeared many papers
through the 70’s on the MoM formulation of
scattering problems for the wire mesh structures
over a dielectric half-space due to their importance
in radar applications [29] Since a computationally
efficient analytical solution of the Sommerfeld
problem was not available until 1982 [3], in such
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works the surface wave components of Green
functions were generally ignored (as called
“reflection coefficient method”) for a practical
computation of the impedance matrix without
estimating the relative error. This gap was then
filled by the famous open software NEC-2 [30],
which was developed in 1981 in Lawrence
Livermore National Laboratory, CA with
extensive numerical/asymptotic libraries.

In the present work, we provide the analytical
backbone of a software which incorporates the
Green functions of King alternative to a similar
role of the extensive numerical/asymptotic
libraries of NEC-2 whenever HCA applies. While
the developed codes equally have the ability to
read NEC-2 formatted input files, their main
advantage lies in the capability to evolve by proper
substitutions of Green functions to take into
account various terrain features in any scenario.
Accordingly, in Section 2 we provide the MoM
formulation of the scattering problem, while the
details of the calculation of the elements of the
impedance matrix are presented in Section 3. In
Section 4 the elements of the potential column in
MoM formulation are provided for three different
scenarios of propagation over planar and spherical
impedance surfaces, and their numerical
implementations are presented in Section 5. For a
verification of the developed codes we provide the
amplitude and phase distributions of currents on
the arms of a crossed wire over a planar lossy
ground with reference to the same results obtained
by the commercial software SNEC™ [31].

A time convention exp(—iwt) is assumed and

suppressed.

II. FORMULATION
Let regions [ (z>0) and I1 (zZ<0) be free-
space and a simple lossy dielectric with
constitutive parameters and wave numbers given

as (&), and (&,,14),0,),
k, = o\ 1, (g, +io, /@),  respectively.  The
complex refractivity of ground is defined by
N =k, /k, =& +io,/(we,) with € =¢,/¢,.

The HCA is defined as | N [*>>1 (or equivalently
| N [=3). Analytically, the lowest value that | N |

K = o 1,

can take in any simple medium is limited by /¢, .

Therefore, in any medium with &, =29 (especially

seawater with & ~75-80), it can always be

satisfied regardless of conductivity and the
operating frequency.

Under HCA, the King formulation of Green
functions for a Hertzian dipole located at
rr=(x",y,z") and calculated at T =(X,Y,2)
constitutes “direct” (d ), “perfect image” (i), and
“surface wave” (S) components, which can be

represented in tensorial form by

G(r.F)=G (1.1)+G (F,/)+G (1),

G(dJ,S) 50 X(d,0,9)

NG x(dls)+zxg
z

XXg x(d,i,s) + yxgy

S Y(d,0,8) y(d.,i,s) 50 Y(d,1,5)
+ XYg, +Yy9; +2yQ,

+ ng z(d,i,s) + yzg z(d,i,s) + ZZg z(d,i s)

Here, gb stands for the total b -axis electrical

field component of the Hertzian dipole with unit
moment directed along a -axis. The entire set is
given for z,z' >0 as follows:

glifi (x— x)
g, = in R{sﬁ R & }

eIklR2 (X _ X!)Z
- - > 'h
4rR, R;

LAY LSS S WA D
27R, N | R, °© N " RZ N
I\T ID{lkR(x X') + 2(y y)}}

«_ (x=xD(y—y") eM®
9= R? 47R, %
X—X' "\ aikiRy

L )(zy y)e -

R; 4rR,

C(x=xX)(y-y) eN®

R; 27R,

C 1 R R}
N—{’h +W?['k‘R2 p—ﬂ
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g o X=X e g oY)y e
: R’ 47R, 7 Y R’ 47R, 7
(x X)z+17") ek . C(y=y)@E+7) e .
R? 47R, R? 47R,
_ Ikle = _ IkR2 =
X=X e 1[773 P2 kR, 22 } T A L[U3+:iklR2&}
R, 27R, N N P R, 2zR, N N P
9, =0y, g A {51 (z—z) 5}
’ 47[R R;
e'k iR |: (y_y’)2 ik,R, "2 = ik;R,
= & e _(z+z) —k e
9y = 2 72 + Ik, P——
4R R R | TR PN 2R,
ik,R n2
gl _
"R {771_0/ Rg) 772}
2 2 with
2+7 R,(F,F)=|FFF|
R, ° N
2 “[=xy7 +(y-yy+@z2y]”,
ik R N2 o=
e 1 X—X = R
p LB =R L peenpayoyr]s
2R, N | N R, N°P
R kR, R2+N(z+z’)
X{iklRZ(y—y’)ﬁP—é(X—X’)Z} 2N? P ’
and the dimensionless parameters
' N 1 1 3 3
_(y-y)z-7) e" O JENL SRS S VI N
=R 4R =R TR 2T TR KR
1
Ly=y)E+7) e =1 T m=1-— SER
RZ 47R , ik R, k12R22 ikR, klzRZZ
7R, 12
1 V4 i
—v ek = =1—- , 2=|— | eFU),
_yRy 29 R ﬁ|:ﬂ3+ﬁik1Rz%:|a s Ikle (klej ( )
) LR,
_ where
gr = (X=X)2-2) el ¢ FU)=1+i(zU)"?eVerfc(-iU"?),
g R; 4zR, ? is known as the Norton attenuation function. The
, N AkR, surface wave components vanish in the limit
_(x—x)(zz+z)e n, IN | o0
R; 4R, In thin wire approximation, we assume the
' kR —_ wire mesh structure comprises cylindrical
X=x e" 1 C : .
{773 |k R, } segments with fixed length ¢ << A and radius
R, 27zR, N N a<</, where A 1is the wavelength in the

ambient medium, as depicted in Fig. 1.



X

Fig. 1. j-th thin wire segment with outer and local
reference systems.

In virtue of our choice of pulse basis functions
in MoM formulation, we may assume the j-th thin
wire segment supports a constant current | i
whose density function can be expressed in the
local cylindrical coordinates O'pl¢’z!  through

the Dirac delta distribution & and the unit step
function H as

5
2za
x[H(zi +0/2)-H(Z' - 1/2)].
The radiation field of j-th segment is given by the
volume integral

E,(F)= mwoje(r

=1, f i (1),
and the total radlatled field by a total of M
segments in a mesh is expressed by

M Mo

E(T) =Z M= 1,f,(F),

-1 i=1

based on the principle of superposition.
Accordingly, the total electrical field at any point
in space reads
E“(F)=E"™(F)+E(T),
where E™ (T) is the total field calculated at any

point in the absence of the scatterer. Applying the
collocation method, the boundary condition on the
segments yields the linear system of equations

M
> Zyli=V, .
j=l1

".J,"dg”
(1)

m=12,...M,
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02 o2m L
ij :ia):uo _[ _.‘fmG(f:maf:J )'ZJ

—0/2 0

i’ )
deZJ,

pl'=a 27

| @
Vm :_Elnc(rm)'gm : 3)
Here, I, =(X.,Y,,Z,) denotes the central point

and (X',y'.z0) & (x!,y",z!"), the starting &
end points of m-th segment in the presumed

direction of current flow. Then, its unit tangential
vector can be written as

0. =€mx>2+€my§/+fm22

:[(xr'n' —X )R+ (Y =y Y+ (z

7)2]/1,
where

=[x =X+ (v — i) + (2 =2y o,
At each junction the corresponding junction
condition on currents increases the dimension of
the linear system by one. In case of L junctions in
a wire mesh, the currents are calculated by
multiplying the extended system

[Z](M+L)><M ‘[I]Mxl = [V ](M+L)><1 by the Hermitian

transpose [Z ]*

MM +L) of the extended impedance

matrix before inversion as follows:

[y = ([Z]wa(Mﬂ) '[Z]<M+L>XM )71

x ([Z ]Mx(M +L) '[V ](M +L)><1) :

Alternative models
reached at [32-34].

The total radiation (far) field of the wire mesh
can be approximated as the superposition of the
fields generated by Hertzian dipoles with moment

p; =1, centered at F =T, and directed along

for junctions can be

o~

jas

M —
E(N)=iop, ) p,G(F
j=1
III. CALCULATION OF THE
ELEMENTS OF IMPEDANCE MATRIX

The elements of the impedance matrix
comprise three components

Z ._Z“ +Z' +Z8

m]’
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which require to be calculated separately through

_ R =i | det

29 <o, [ [1,-G (Rsi")-2! 49 G
~4/2.0 a 27

“4)

: d
Since Z,

their calculations can be carried out directly in the

i
and Z are space wave components,

local reference frameO'x'y'z). Regarding ZmJ ,
the expressions of the difference vector directed
from the central point of j -th to m-th segment in

local and outer reference frames are given as

"=(x",y",z"),

r:m _Fj :(Xm _stym _yjﬂzm —Zj),
while they are related by
= =TR
m = = = = T =m
=T;j-(r,—-F) or rm—rj_T, -,
through the Euler transformation matrix T j
_ | cose cosf; sina;cosf; —sinf,
Tj= —sinacj cosa 0 ,
cosa;sinfB; sing;sinff; cosp

=1 =TR
whose inverse is equal to its transpose: Tj =T .

The explicit expressions of the 3-D transformation
angles «; ve f3; are as follows:

sina; = (y] —yD/Ix] =X} +(y} —y)’1"”,
cosar; = (X; —X; )/[(X,!I =X+ (y; =17,
sin,Bj :[(X;l —X})2+(y;| _y})z]l/z/g’

P | R
cos fB; = (z; Zj)/f .
Accordingly, under the thin wire approximation
one has

RICF™ ") = (x™) +(y") +(2") +a’

—272"7" + (2",

and the 7 -directed Green functions read
) S m_ i ik,R,
gZ;d(rm,I—;J)z_(X X )(22 Z ) e 52’(5)
X Rl
g om it m_ vy -7 e'le
g;jd(rm,rj): ( y Fzg ) 52,(6)
1
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eiklR1 (Zm _Zj’)2
R2

1

S

Substituting the polar transformations

x" =acosg! ve y"' =asing! in (5) and (6), a
full period integration in (4) yields the resultant
regular integral

gmx sz (—»m =j! )
) _
Z =iop, [ [+me0@n,EY) |2
2 J
gngz d(—~m = )
with
, mem S jf ik R,
e en =X E ) S e
X R 4zR
- mezm _ 71"y kR
tZ:d(r ’rJ):_y ( - )e é:z,
y R 4zR,
zngmx)zj_kgm)’yi_i_gmzzl :?j'zm ,

which is a calculated numerically. Similar

considerations hold for the calculation of Zrinj .

In calculating the surface wave components
Z,;j , we express the source points in the local
reference frame and the observation points in the

outer reference frame. For this purpose, we set
=TR

r=r,, r’:rj’:Fj+Tj - in King’s Green

. =/ / ! !
functions, where = (X i»Yj-Z j) and
r’" =Y, y",z") (seeFig. 2).

a4z
/

Fig. 2. j-th and m-th thin wire segments and
position vectors.
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Under the thin wire approximation one has
2 = =i\ o 2 2
Rl,z(rmarJ ) = (Xm _Xj) +(ym - yj)
2 2 ji’2
+(2,-2;) +a +z7’
(X, —Xj)cosa;sin B
_2Zj, +(ym -

+(zZ,, FZ;)cos f;

P? = (X, = X) + (Y — ¥;)
(X, —X;)cos }

+(ym _yj)Sinaj

—22j'sinﬂ{

+(z")*sin® B,

U = kR, (R2+ leT
2N’ P ’

- "~ i
l,=2,+2;=2,+2;+2 cosf3; .

N

By describing the following parameters

j(x ) ¢J'

: d¢j'
Ixx = !(Xm—xj)zg

_ jf . 2
= (X, —X; — 2’ cosq;sin f3))
+(a° /2)(cos” a; cos® B, +sin’ ),

i : N
Ixy = .([ (Xm _Xj)(ym - yj)g

_ _ _ Il .
= (X, —X; =2’ cosa;sin f3))

x(Y, -, —Zj'sinOtj sinﬁj)

2 : 2
—(a /2)sma.cosaj sin” f;,

J/
l —j(ym—y) ¢ Yo —Y; -2 sina;sin g,
JI
I(ym Y}’ ¢
=(ym—yj—z’ sina sinﬁ’j)2

2 c .2 2 2
+(a /2)(s1n a;cos” f; +cos” ),

yj)sineg;sin f3; |,

_ _ j! .
X; —z" cosa;sinf; »

s ngs d¢"

| I
o _z,73_1+_y§i
ekt 1R, " N RN

=27Z'R W = 2 ’
2 ——ZR—i(kRzlxx Rgl ]
N2 P p2 v
XS XSd J'
J 0y L
Ly, €% 1 ER [ R
"R 2R W{%Wp—?('k@‘p—?ﬂ’
2 2
e jgxsd¢’ _ el 1
R, 27R, N
= . R
X|:773+W|k1Rzej|,
t)z/s :t;(S ,
2w i’
dg’
tys_ ys
y ,([gy 272_
L e

_27[ d¢]’ __I_y eikle i
2r R, 2zR, N

= . R
X|:773 +W|k1Rzej|,

ik R

e ] R
te = —ik R, =2 |,
Ig 27z RanN[m IZP}

I, e*® 1 . R
ik R,—21,
Ig 27; RZﬂRN[lezP}

ik,R,

: . e

zs ——ikP
I 9 2;; N 27R,
Wthh emerge from the full period integration of

the surface wave components of the Green tensor,
one reaches the resultant regular integral

1029



1030

Z;j = ia)lLlO

! txsz o+ tysz , tzsz

mx X mx-X mx~X
o2

xj SO o N tVSz R v 2

my -y my-y my-y
—1)2
+/ tXSz o+ tysz +/ tzsz

mz =z mz =~z mz =z
=TR i
; =7, X+2,y+2,7=Tj -7°,

with which

requires to be calculated numerically.

IV. THREE DIFFERENT SCENARIOS

The influence of the geometrical and physical
properties of the ambient medium in scattering
phenomenon appears in the expression (3), which
is determined by the incident field. In this section,
we consider three different scenarios for the
incident field and the ambient medium for a
numerical investigation.

A. Scenario I: Homogeneous
incidence and planar ground
Let the electrical field of an incoming
homogeneous plane wave in an arbitrary direction

fi; in region I be given by

plane wave

ikofy; T

E'=ée
The normal of the interface is i=Z, while the
normal of the incidence plane is calculated as
G=fixn. By use of the identity
€& =((4-6)—Gx(4x8&) one can decompose the
incident wave into TE and TM components as

Ei = E‘;’E +ETiM >

where
Eie =—Gx(Gx6)e*" =(Gx6&)xGe" "
E'II'M aqg- e)elkr

while their reflected components read
ETrE =(Gx&)xql ¢ ek’ , ETrM =4(4-6)I,, oikr ’

with the Fresnel coefficients

12

_ Necosy —(N —sin’y)

2

" Ncosy +(N —sin’y)
—sin’ )"
cosy + (N —sin’ )

cosy —(N

Iy =

2 °
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Here,  €[0,7/2) stands for the angle between

the unit vectors A and N, . Accordingly, the total
incident field can be expressed by

—inc _ i =r =i =r
E™ =E+Ec+E; +Efy-

B. Scenario II: A monopole antenna and
planar impedance ground
In virtue of (1), the incident far field of a

monople antenna located at F=r" along v M

direction with moment p,, can be expressed as
E™(F) = i, py G(F;F) -7, (7)

The elements of the Green tensor can be speciﬁed

as the Green functions delivered by Norton [35]
under HCA and grazing wave incidence as

follows:
(x=x)
R12
1
R

eiklR]
X= 1_
% 47TR{
r (V- y')’
PZ

ek
+ R,
4rR,

~R,(x~ x)(

o [ R
g% | T p

+
4R,

JOEXY e 2R )EW,)

ik R,

0 :_(X—X')(y—y') e
! R} 4rR,

R | R 11
—(x=X)y- Y)4 R, {PSJFRV(F—R?H

ik R,

C(x=xXDy-y) e
p? 47R,

x| (1-R)F(@)+A{ (1-R)FW,)],

o= (x—=X)z-17") e"f
’ R; 47R,

L (x=x )(z+z) gl

R R 4rR,

X=X glife

An(=ROFW)—

b

2
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9, =

g9y =

z

z

Oy =

z

g, =

e
+
4R _ V)2
- Az a-R)FW,)
y__(y—y)z-7) e""
R; 4rR,
Y ' ik R,
e y)§Z+Z)RV e
R; 4r7R,
! ik,R
y-y gh
- Ay(1-R)F
2 n(I-R) ONN)4ﬂR2
_(x=x)z-7) e"®
R; 4rR,
_(x=x)(z+7) R e
R anR,
X—X gliRe
+ Ay(1-R)F
R, n(I-R,) (WN)47[R2
C(y-y)z-7) e"®
R} 47R,
=Y+ o e
R " 47R,
o,

Z_

gz_

+%<l—&>F0NN)

gz,
eik1R1 [1 ~ (y _ y,)z }
47R, R?
(x=x)
kiR h p2

+
4ﬂR2__RAy_y32[l 1}

P> R;

e | B2 1-R)F (@)

y-y
A (1-R)F
+ R, v1-R) (WN)MR2

P_z eiklRl +P_2 eik1R2
R} 4zR R} "4zR,

gikiR:

4rR,

>

In Norton’s formulation the ground is modeled by
a scalar impedance boundary condition (cf.[36,

Sec.1.15]) with normalized surface impedance
12

Ay =(/N)[1=(/N*)P/R) ],
With respect to free space characteristic
impedance Z,=1207, while the reflection

coefficients and ground parameters therein are
given as

_1+7'-RA, _1+7'-R)9,
' z+7+RA, ' 1+7'+RS, >
ikR,(z+Z'+R,A
W, =1 20N ||
R
kR, (z+7'+R,0,
5,=N?A, , q=—"2 22 .
N e

C. Scenario III: A monopole antenna and

spherical impedance ground

In this case, the expression (7) still applies,
while the Green functions can be adopted as the
set given by Wait 37,38] which are derived based
on the Pol and Bremmer theory [39,40].
Accordingly, the Z,X, and y axes of the outer
Cartesian coordinates in the vicinity of the
scatterer can be coincided respectively with the
spherical coordinate curves I',6,¢ of the globe,

whose origin is the central point as depicted in Fig.
3.

(rlﬁ 0,9 ¢') (r’9’¢)

Fig. 3. Spherical earth and its global coordinate
system Orég .

Thereby, the Cartesian tensor components of the
Green functions are suitable for our purposes with
6" =0 can be calculated as
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(7Z'A0)1/2 eik]bﬁ

9 =e"*cos¢

A’ 27bo
3 W YW, - y,)
s=1 (ts - qz)W2 (ts)
aikibd

X _ ir/4 : 1/2
=—e Af)" ——
g, sin ¢ (7 AQ) yy

% i eiAmmW(t_m — Y1)W(t_m — yz)
= G
0¥ —ie" cos ¢ (7rAAg)1/z 2e7'[‘be
3

iAGt

SW'(ts — yl)W(ts — yz)
s=1 (ts - qz)W2 (ts)
(”A9)1/2 eikle

g =e*sing

X A 27bo
y i "W (t, — y W (t, - Y,)
pa (t, —gH)W(t,) ,
kb

y ei7z'/4 Ae 1/2
g, cos @ (7w Ab) —27zb¢9

(3 WG, — Y)W, )
= G -awi(E)
g’ =ie"* sin¢—(7IA‘9)V2 ﬂ
’ A 27bo
% i eiAHtS W'(ts — yl)W(ts — yz)
S (L -PWL)
g (TRO)” €

2

I A 27bo
> i eiAmS W(ts — 2/1)\/\2/’(1:5 — yz)
S (t; —a7)w(ty)
g9,=0,
o et ongyn £
! 27h6

» "™ w(t, - YWt —y,)
= (L=g)wi(t)
where A =(1/N) [1 - (1/ N 2)]1/2 represents  the
surface impedance normalized w.r.t. free space
characteristic impedance Z,=120r;
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b =(4/3)x6378 [km] is the effective radius of
earth taking into account first order tropospheric

A=(kb/2)”, q=iAA, and

g, =N’q are ground constants; h, =r'—b and

refractions;

h,=r—b are the heights of the source and
observation points above the ground; y, =kh /A;
y,=kh,/A; and  w(t)=z[B (1) +iA®1)]
with A(t), B,(t) denoting standard Airy

functions. The Green functions are derived under
the natural assumption h1,2 << b and the Rayleigh

hypothesis | A [?<<1, which fits well with HCA.
The parameters t, and t. correspond to the
discrete complex roots of the Stokes equations

w(t)—-qw(t)=0 and  W(t)—-qw(t)=0,
respectively. They are the eigenvalues of the
ground wave modes which are located in the first
quadrant of the complex plane and their
magnitudes increase with index number. In their
determination, we apply the algorithm available in
[41, pp. 340-343].

The critical distance, beyond which the
influence of the curvature of earth on wave
propagation cannot be disregarded, has been
determined by  Houdzoumis [42] as

p. =b(kb/2) ™"

In order to enrich any scenario by including
any terrain feature, either land to sea transitions or
obstacles (“islands™) along the propagation path as
devised by Furutsu [43-49] or layered media, it is
sufficient to substitute the appropriate set of Green
functions into (2) and (3).

The oceanographic parameters such as mean
wind speed, fetch length, and wave directionality
as described in any sea spectrum [50], [51, pp.
386-403], [52, pp. 109-139], [53-55] can also be
taken into account by modifying the normalized

surface impedance as A=A+A_,, where the

additional calculated

analytically by Barrick [56] as a 2-D spectral

term A, was first

integral involving the sea spectrum using
perturbation  technique and the Rayleigh
hypothesis.



V.NUMERICAL IMPLEMENTATIONS
In this section, we provide certain numerical
results for the three scenarios in Sec. 4 in the

frequency range 3—45[MHz] for propagation
over seawater with &, =80, o =4[S/m]. First,
for a wverification of the developed codes we
consider the case depicted in Fig. 4 where a
crossed wire above planar sea surface is
illuminated by a homogeneous plane wave with
incidence angle w =45"and unit electrical field
amplitude.

v
’

i
! .
X h {' 0

/

Fig. 4. A crossed wire located above planar sea
surface and illuminated by a homogeneous plane
wave.

The four arms of the cross are assumed to
have the same length 3.33 [m] while the height of
the bottom arm from ground is h=8[m] . The
horizontal arms are assumed to lie along the Y -
axis.

In the first set of illustrations, the operating
frequency is taken f =3[MHz] (4 =100[m])
for which each arm length is A/30 and

h=24/25. In virtue of thin wire approximation,
the geometrical parameters of the segments are
picked as  /=0.5 [m]=4/200[m] and
a=1/40 [m]=1/4000 [m]=¢/20. They fall
into the range in which the values of the computed
fields  remain  insensitive. = Under  this
parameterization, the total number of segments
read 27.

In Figs. 5 and 6, we provide the amplitude and
phase distributions of currents on the arms of the
crossed wire and relative errors calculated by
%100 | (SNEC™ —CODE)/SNEC™ | with refere-

nce to the same results obtained by the commercial
software SNEC™,
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Fig. 5. The amplitude distributions of currents on
vertical and horizontal arms and relative errors at
3 [MHz].
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Fig. 6. The phase distributions of currents on
vertical and horizontal arms and relative errors at

3 [MHz].

In the second set of illustrations in Figs. 7 and
8, the operating frequency is taken f =15 [MHz]
(A=20[m]) for which the arm length is /6
and h=221/5, while £=0.5[m]=4/40 [m] and
a=1/40 [m]= 4/800 [m]=¢/20.

The relative errors in the two sets of
illustrations, which are restricted by 10%, stem
from the choice of poorly converging pulse basis
functions in the MoM scheme, as opposed to the
more realistic sinusoidal basis functions employed
in SNEC™. It is seen that the error due to

theoretical failure of pulse basis functions in
satisfying the zero current tip condition reflects on
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the entire geometry through matrix inversion in  wavelength corresponds to 2D, D,2D/3,

the current calculation. respectively. The symmetries observed in the

= 10 patterns are due to the symmetric structure of the
16 =8 plate as well as the thin wire approximation that
R 4 5B the current flows only along longitudinal direction
£ 7 £ ;
=1 / Code R 1n every segment.
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Fig. 7. The amplitude distributions of currents on P gonp

vertical and horizontal arms and relative errors at

15 [MHz].
— g
e —— 7 108
[ (1]
5, Code = 60
E, 105 — — SMNEC g 10 -
= 5
o et}
z
10 % 95
0.1 0z 03 01 0z 0z
‘Wertical wire length [A] Wertical wire length [A] [ty
= 20
Code = 16
= 50 — — B . .
g SNEE £ Fig. 10. Elevation patterns for the total scattered
— «— 155
0 ° field at a)15,b)30, ¢)45 [MHz].
w s
i -50 o 18
&
B 143
0.1 0z 03 01 0z 03
Harizontal wire length [A] Harizontal wire length [A]

Fig. 8. The phase distributions of currents on
vertical and horizontal arms and relative errors at

15 [MHz].

As an application of the second scenario, a
wire mesh plate with side length 7 [m] and

diagonal length D =10 [m] is illuminated by a
monopole with unit moment at a distance of
10 [km] as depicted in Fig. 9.

In Figs. 10 and 11, we plot the elevation (Oxz)
and azimuth (Oxy) patterns of the total
(normalized) scattered field 10log, (471’ | EP)

at 15,30,45[MHz] for which the operating

Fig. 11. Azimuth patterns for the total scattered
field at a)15,b) 30, ¢) 45 [MHz].



In Fig. 12, we consider the same scatterer and
source as in Fig. 9 on the spherical sea surface

illuminated from a distance 10° [km].

z

Q
i

Fig. 12. A wire mesh plate illuminated by a
monopole on spherical sea surface.

o, =10° [km]

The total scattered field 20log,, | E|

measured over the sea surface from the origin in
the direction of the monopole is plotted in Fig. 13
at 15,30,45[MHz], for which the critical
distances are calculated respectively as

77216 [km], 61.287 [km], 53.539 [km]. As

expected physically, there is an increased
attentuation beyond the critical distances
proportional with frequency.
e
g Y0 T
E -‘-“'h
o 400t T
S‘j_ asgl 15 [MHz] “\‘\ |
= 30 [MHz] ™,
-500 —45 [MHz] N
550k s
10 10 10
A [km]

Fig. 13. The total scattered field by a wire mesh
plate calculated over sea surface at 15,30,

45 [MHz].

VI. CONCLUDING REMARKS

In the present work, we provided a MoM
formulation for thin wire structures located over a
lossy dielectric ground under HCA employing
King’s range independent Green functions. Since
we are focused on the analytical aspects of the
formulation in the first place, our choice of pulse
basis functions as the simplest option in a MoM
scheme has resulted in a predictable and
unavoidable relative error in current calculation as
compared to the same results by the commercial
software SNEC™, which employs (more realistic)
sinusoidal pulse basis functions. Since such a
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deficiency is not associated with the success of the
analytical calculations, the relative error can
totally be removed by picking the same set of
sinusoidal basis functions as in NEC softwares.
While the current codes equally have the ability to
read NEC-2 formatted input files, they are
developed in the MATLAB™ environment with
no commercial concern on total computational
time at the time being. However, the numerical
implementations put it very clearly that an
electromagnetic  simulation  software  that
incorporates the Green functions of King may not
only provide an alternative to the similar role of
the extensive numerical/asymptotic libraries of
NEC-2 whenever HCA applies (see also [57,58]),
but also provides a capability to evolve by proper
substitutions of Green functions to take into
account various terrain features in any scenario.
This is especially important since the physical
(antenna) measurements around critical distances
over earth have been reported to diverge seriously
from those calculated by NEC-3 and NEC-4 while
they follow the analytical results derived by King
smoothly (see [59, Sec. 1] and the references cited
therein). In light of the expertise gained the
research is planned to pursue along the following
areas of investigation:

i) Replacing the pulse basis functions in MoM
scheme with sinusoidal basis functions
following reference works as [60] to eliminate
the current relative error with reference to
NEC based softwares completely;

ii) Providing a time domain analysis ability to
investigate the scattering of actual radar wave
forms (as in [61-63]) from mesh structures
above sea surface;

iii) Extending the impedance matrix for dielectric
coated mesh structures for stealth applications.
This is managed by reformulating the MoM
matrix by describing a first order impedance
boundary condition on each wire segment. For
an analytical demonstration of the validity of
the impedance boundary condition on
arbitrarily shaped surfaces one may refer to
[64];

iv) Incorporating Green functions of layered and
complex media available in literature ([4-17])
for arbitrary range;

v) Investigation of most efficient NEC2 pre-
processors (cf.[65]), modeling guidelines
(cf.[66,67]), programming platforms and
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algorithms to minimize the computational time
for integration and linear algebraic operations
at the stage of developing a commercial
product.
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