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ABSTRACT

Near and Far Field Comparison Using Wire-Grid and Patch Models

Leslie Robert Raschkowan

This thesis examines the accuracy of near field computations obtained using wire
grid and surface patch method of moments models. Wire grid results were obtained
using NEC, a point matching implementation, and MBC, a Galerkin implementation.
The surface patch results were obtained using Junction. In the near field, a flat plate
and a sphere illuminated with an incident plane wave are investigated. For the far
field examinations, wire grid models examine the radar cross section of two flat plates
as well as the radiation pattern of a monopole mounted on a sphere. In addition, a
high frequency band sweep of a helicopter model is performed.

Good near field results are obtained using wire grid models so long as the field
points are not too close to the wires. Patch models allow field points much closer to
the surface since the current is distributed over the surface. Excellent far field results
are obtained for both the plate and the sphere. The frequency sweep generally showed
good results though anomalies were evident at certain frequencies.

Wire grid results were obtained using NEC and MBC though the results indicate
that the type of Moment Method formulation for wire grids was not a major factor.
Surface patch results obtained with Junction were used to validate the wire grid near

field plate results. Validation for the sphere is by an exact solution.
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Chapter 1

Introduction

Computational Electromagnetics (CEM), the study of electric and magnetic fields
using numerical techniques or simulations, continues to benefit from the ongoing ad-
vances in micro-computer technology. Powerful software tools, such as the Numerical
Electromagnetics Code (NEC)[1] and Multi-radius Bridge Currents (MBC)[2] can be
used to solve scattering or antenna problems for very complex geometries.

The continuing growth of computing power available in workstations and personal
computers allows researchers to further push the limits of these simulation techniques.

and to determine stricter guidelines for their accurate use.

1.1 Background

The prediction and analysis of antenna radiation characteristics has been a field of
intense interest since the advent of wireless communications. Naval and aviation
applications drove much of the research that continues to this day. Far field analyses,
such as Radar Cross Section prediction, continue to be applied in the aerospace realm
producing advances such as the development of stealth technology.

An application of interest to both near and far field antenna analysis is the effect
of mounting an antenna on the fuselage or structures of various aircraft. Depending
on the location of the antenna installation, considerable distortion of the radiated

fields can occur.



Computer modelling of antennas on structures provides a relatively low cost al-
ternative to full scale or scale-model measurements which require weather dependant
outdoor or expensive indoor ranges. Antenna location or characteristics can be modi-
fied and measurements “easily” recalculated providing designers and researchers great
flexibility.

In addition, the near field present near a conducting surface is of great interest in
antenna and electromagnetic compatibility applications. The prediction of potential
hazard to personnel or equipment in the presence of strong EM sources is such an
example. The electromagnetic compatibility of an antenna to nearby equipment has
proven catastrophic in the past. During the Viet Nam war in the 1960s, a high power
radar sweep aboard a United States aircraft carrier triggered a military aircraft to
accidentally fire a missile while on deck of the carrier resulting in a terrific chain of

explosions, fire and loss of life.

1.1.1 Wire Grid Modelling

Historically, Richmond’s Thin Wire code (3] was one of the first applications to
apply method of moment modeling of arbitrary shapes with wire grid models. This
ground breaking effort included numerical results for the backscatter echo area of wire
loops, plates, spheres and hemispheres which showed good agreement with experimen-
tal data. Thin Wire employed point-matching by forcing the tangential electric field
to vanish at the center of each wire segment.

Tilston and Balmain significantly extended Richmond’s code after observing asym-
metric artifacts displayed when analyzing symmetric structures [4]. The development
of Multi-radius Bridge Current MBC code [2]| addressed this problem and provided
a multi-radius solution instead of the uniradius Thin Wire code. MBC implements
a piecewise-sinusoid Galerkin formulation shown to be one of the best methods for
obtaining rapid convergence [5].

The development of Numerical Electromagnetics Code (NEC)[1] had its origins



in a scattering code BRACTI6] spawned from some of Richmond’s early work(7].
Antenna Modelling Program (AMP)[8], based on BRACT, was one of the first widely
used moment method implementations, and a subsequent revision of AMP was used
to develop NEC. NEC uses the moment method to solve the electric field integral
equation (EFIE) for wire models and/or the magnetic field integral equation (MFIE)
for surface patch models. The EFIE is suitable for both open and closed bodies but
the MFIE applies only to closed surfaces. In this thesis, NEC is only used for wire

models.

1.1.2 Surface Patch Modelling

Patch models can accurately represent surface current for smooth bodies without
sharp edges. NEC uses rectangular patches to represent surfaces however the MFIE
based solution is only appropriate for closed bodies. An EFIE formulation using
planar rectangular patches was developed by Wang et af[9]. The use of quadrilateral
patches and sinusoidal basis functions was presented by Singh and Adams[10]. also
using the EFIE.

Triangular shaped surfaces are the most appropriate for modelling arbitrary shapes
because of ability to accurately conform to any shape or boundary. Rao et al.[ll]
developed a surface patch code Patch combining the advantages of triangular patch
modeling and using the EFIE formulation allowing scattering problems by either open

or closed arbitrary conducting bodies.

1.2 Objective of the Report

There are several different codes available to analyze antenna and scattering prob-
lems, however it seems as though NEC is considered to be a benchmark. A great deal
of analysis has been done with this code to discover the limitations of its use, and sev-

eral guidelines have been developed that should to be followed to obtain “accurate”



results.

In some cases, even when these guidelines are followed, anomalies in the results
occur. These problems include ficticious loop currents in the solution and incorrect
currents at the cavity resonant frequencies of the scatterer[11].

The EMC laboratory at Concordia University has been involved in the develop-
ment of several software packages used for the visualization and analysis of NEC
solution files. One of the objectives of this project is to utilize a different EM code.
specifically MBC, and perform a side-by-side comparison of the two sets of results.

Both codes are implementations of the Method of Moments, a numerical technique
to calculate the fields in radiating or scattering problems. The MBC code utilizes the
Galerkin method, considered to be better than the point-matching approach used
by NEC. Thus this report will also serve to compare the Galerkin method to the
point-matching approach.

Another objective is to examine the ncar field results of two basic geometric forms.
a plate and a sphere, and try to “push the codes to the limit™. The objective is to
attempt to attain an effective modelling guideline using the ratio of the model grid
size and the minimum height above the model that can still provide an accurate

result.

1.3 Methodology of the Report

The comparison of the two codes will be broken down into two sections: Chapter <

will focus on the near field experiments and Chapter 5 will focus on the far field.

1.3.1 Near Field Experiments

In the near field, the comparison of the two codes will consist of two separate evalu-

ations:

1. Near-field scattering of a plane wave incident on a conducting square plate



2. Near-field scattering of a plane wave incident on a conducting sphere.
Near-field scattering of a plane wave incident on a conducting square plate

The solutions generated by the two codes will be compared to each other to evaluate
how close to the wire-grid model the codes can accurately predict the scattered fields.

The equal area rule is investigated by varying the radii of the wire-grid models.
Near-field scattering of a plane wave incident on a conducting sphere

The solutions generated by the two codes will be compared to an exact solution to
evaluate the accuracy of the codes. In one case, the wire radii of the wire-model sphere
will vary to investigate the same surface rule. In another case, the height above the

surface of the sphere will vary to help determine a grid size to height relationship.

1.3.2 Far Field Experiments

In the far field, the comparison of the two codes will consist of three separate evalu-

ations:

1. Radar Cross-Section of a square and rectangular plate

[\V)

. Far-field radiation pattern of an antenna placed upon a conducting sphere

o

. High frequency sweep of a complex helicopter model.
Radar Cross-Section of a square and rectangular plate

The solutions generated by the two codes will be compared to an approximate
solution obtained using physical optics theory, to provide an indication of the accuracy

of the codes.
Far-field radiation pattern of an antenna placed upon a conducting sphere

The computed radiation patterns generated by the two codes will be compared to

the exact analytical solution to evaluate the accuracy of the codes.



High frequency sweep of a complex helicopter model

The comparison between the two models will consist of a high frequency sweep,
ranging from 2.0 MHz to 30.0 MHz, in 0.1 MHz increments. The radiated power,
efficiency, and impedance characteristics will be compared. The radiation patterns as

well as the current distributions will also be presented.



Chapter 2

Antenna Analysis

2.1 Basic Antenna Theory
2.1.1 Maxwell’s Equations

Antenna radiation is an electromagnetic boundary problem, where radiated fields
must satisfy Maxwell’s equations, the wave equation and the boundary conditions.

The fundamental electromagnetics equations are

VxE=—jwuH (2.1)
VxH=jweE+Jr (2.2)
V-D=pr (2.3)
V-B=20 (2.4)

V- Jr = —jwpr. (2.5)

The first four equations are called Maxwell’s equations, and the fifth is the continuity
equation. Note that the e/*! time dependence is assumed and suppressed.

«A sufficient set of boundary conditions (in the time-harmonic form) is

n x (H2 - Hl) = Js (26)

(E2 - El) XN = MS (2.7)

~1



where the electric and magnetic surface currents, Js and Mg, flow on the bound-
ary between two homogeneous media.”[12] The unit normal vector is directed from
medium one to medium two, as illustrated in Figure 2.1.

If one side is an ideal electrical conductor, the boundary conditions become

Hian = Js (28)
Etan = 0. (29)
Medium 2

(b)

Figure 2.1: Boundary conditions between two media: (a) two homogeneous media,
(b) perfect conductor and a homogeneous medium.[12]

2.1.2 Antenna Radiation

If we consider a sinusoidal voltage source applied to an open-ended conducting
wire, the source causes electrons in the conductor to accelerate along the wire. As
illustrated in Figure 2.2, the electrons build up at the open end of the wire, opposing

the initial electron motion. It is this acceleration and deceleration of charge which

produces EM radiation[14].



2.1.3 Solution of Maxwell’s Equations for Radiation Prob-
lems

The procedure for solving the E and H field from the current distribution J
involves solving two curl equations (2.1) and (2.2). These equations are said to be
“coupled” because the E and H terms appear in both, thus they must be solved
simultaneously. In order to simplify the solution of E and H with a given J, it is
convenient to introduce the vector potential function A.

Since equation (2.4) states that V - H = 0, and the vector identity V-V x F =0

for any F, we define

H=Vx A. (2.10)

The complete solution is outlined in many sources. The total solution is then

found to be

A=///Je—:Rdv', (2.11)

where the geometry is shown in Figure 2.3.
We then find the magnetic field H from the resulting A using equation (2.10) and

the electric field using equation (2.1). These results are then used to examine the
€

Figure 2.2: Open-ended wire with a sinusoidal source.[13]
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Source volume v

Figure 2.3: Vectors used to solve radiation problems.[12]

radiation of a standard antenna element.

2.2 Ideal Dipole

The principles described in the previous section will now be applied to an ideal
dipole, which is a uniform amplitude current element of very small finite length,
z <« A. This element can be considered to be a building block to construct a real
antenna.

Consider the dipole of constant current amplitude I, shown in Figure 2.4. The
segment length is small compared to the wavelength and the distance R. The vector

potential function reduces to

Az [T 2.12
-2 /—Az 4R - (-“ “)

2

Substituting r for R and integrating, we obtain

e_jﬁr

A=IAz""—3. (2.13)

4rr

This is the approximate solution for a finite element. For an infinitesimal element,
this result is exact. Next we calculate the electromagnetic fields as outlined in the

previous section to obtain

IAz . 1 e 387
H="10+55)

sinf @ (2.14)

r
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Figure 2.4: The ideal dipole with uniform current I, Az < A, and R = r.[12]

E= &jwu [l + ! + - ] e
4r iBr - (jBr)?|
+-[—Ajjw/.z[ ! + ! ] e

ar JH 5Br T GBrRl T

sinf 6

cosf f. (2.15)

2.3 Antenna Characteristics

2.3.1 Near Field (Scattering)

In the near-field region of an antenna, the powers of inverse r terms of the field

expressions (2.14) and (2.15) are significant. The Poynting vector,

P = %//E x H"ds (2.16)

is the complex power flowing out of a closed surface. The complex Poynting vec-
tor contains three or more terms with powers of (1/r) in addition to the radiation
field term. It turns out that these terms are purely imaginary, indicating reactive
power[12].

A plane wave’s propagation will be affected by a conducting structure. A conduct-
ing object will reflect a wave according to Snell’s law, where 6; = 6,[15], as illustrated

in Figure 2.5.



.
Pertect
conductar

Figure 2.5: Reflection from a perfect conductor.[L6]

The reflected wave will cause additive and destructive interference to occur. This
phenomena is known as scattering. An example of a plane wave incident on a wire-grid

sphere is presented in Figure 2.6.

Y LAY

45

60 -50

Figure 2.6: Near field of a Z-polarized plane wave incident at 12.5MHz on a 15m
radius sphere.

Figure 2.7 shows the standard spherical coordinate system used in this report. [t

can be used as a reference for the remaining antenna characteristics.
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§+180°

Figure 2.7: Standard spherical coordinate system.[17]

2.3.2 Radiation Pattern (Far Field)

The far-zone fields, or simply the far field, is the region where Br > 1. In this

region, the higher order terms become much less significant, and allows us to write

Equations (2.14) and (2.15) as

IAz elbr

= —1 1 7] 9
E yr sin 66 (2.17)
and
JBr -
H=22:8%" cinos. (2.18)
47 T

In the far field, the radiation can be treated as “locally plane” waves, where 7, =
Eqy/H,.

The radiation pattern is a representation of the far field strength with respect to
a fixed distance from the antenna. The idea is to obtain the field strength at various
positions, as depicted in Figure 2.8a. Two 2-dimensional patterns, or “cuts,” are

usually presented: The E plane, representing the magnitude of the normalized field
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strength versus 6 for a constant ¢, and the H plane which represents the same field

versus ¢ for § = 3[18]. Figure 2.8 shows the radiation patterns for a z directed dipole.

Y
4 3

A
1

() (b)

Figure 2.8: Radiation pattern for a z directed dipole. (a) E-plane. (b) H-plane.[18]

x

2.3.3 Isotropic Level

The isotropic level provides a reference for comparing the directive properties of
antennas. The isotropic level is found by taking the total radiated power of the
original source, and distributing it uniformly in all directions[19]. An illustration of

the radiation pattern of a half-wave dipole and its equivalent isotropic radiator is

:

shown in Figure 2.9. '
Lsogopwe Radiawe 7.048
2 Y

Anenna
£

~»- J"'#"_ ‘L A: < —

S r ™ -
3 -—— - 4 — - e
. ‘\\'*-—-__1_ : = y

Figure 2.9: Three-dimensional directivity pattern for a A/2 dipole and an isotropic
source.[20]



2.3.4 Radar Cross-Section (RCS)

The principle of the radar cross-section can be described as the far-field scattering
of a plane wave incident on a conducting object. More specifically, an antenna with
a gain of Gr transmits a pulse of power Pr, and a receiving antenna with a gain of
Gr detects power scattered from a target. Mono-static radar uses the same antenna
for transmitting and receiving, while bistatic radar employs a different receiver and

transmitter antenna, as illustrated in Figure 2.10. ~_ f

oK =)
P,

N

R

Receiver/
processor

Receiver/ G< /

processor

(®)
Figure 2.10: Radar Cross-Section examples: (a) Mono-static and (b) bistatic.[21]
“The power intercepted by the target is proportional to the incident power density,
so

Pinc = aSinc =0— GT (219)

47'2

where o is the radar cross-section and is the equivalent area of the target as if the
target reradiated the incident power isotropically ”[22], although in reality this is not

the case. The apparent scattered power density arriving at the receiver is

IDinc

cat =
47r?

Ss (2.20)

and the power at the receiver is given by the radar equation, in the form of
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/\2G RGTO’
Pr=Pr—————. 2.21
k T (dm)3r ( )
The radar cross section is the ratio between Pj;,. and P, given by
. 4mr2S,e. 4772 Egeqe|?
o= lim ——% = |im ———I—sc;i (2.22)
r—00 Sinc r—o0 IEincl

2.3.5 Radiation Efficiency

As much power as possible should be radiated in the solid angle between theta
equal 60 and theta equal 120 degrees, for adequate HF antenna communication. “The
radiation pattern efficiency, denoted by n,, is the ratio of the power in both Ey and
E4 in this sector, to the total power radiated by the antenna.”[23] The expression.

defined by Granger[24] is given by

360 M0 (1 BoI2 + |E,[2) sin 8dfde
*

_ Je=0Jo=60

P = 360 180 |Eg|2 + | E4)?) sin 8dOdo

¢=0J8=0

00%. (2.23)

2.3.6 Terminal Impedance

The terminal impedance of an antenna will be affected by other antennas or objects
that are nearby, but the antenna is to be considered isolated for this report. The input

impedance is composed of a real and an imaginary component, namely

Zin = Rin +j‘Yln‘ (2.24)

The input reactance, X;,, represents the power stored in the near field of the
antenna. The input resistance, R;,, represents dissipation, which occurs in two ways:
(i) The heat losses on the antenna and associated hardware are called ohmic losses;
and (ii) the power leaving the antenna through radiation, which is of course the
purpose of a communication antenna. Usually, the ohmic losses are small compared

to the radiated power[25].
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2.3.7 Percent Ey (% Ejy)

The “percent E;” parameter is the ratio of the Ejy or vertical component of the
power radiated, to that of the total power radiated by the antenna. This is given by
— ot Joso | Eol? sin 6dfdg 1
°R0 = T B p2 LB [2) sin 6d9dé
g=0 Jo=o(| Ev|* + | E, |?) sin 8d0dd

Emphasis is put on maximizing the radiated power in the vertical component

00%. (2.25)

when considering the ground wave mode of propagation{26|.

2.3.8 Percent sub Ey (% sub Ejy)

The “percent sub Eg” or useful percent of Ey parameter was introduced by
Kubina[27]. It is the ratio of the power contained in Ej between theta equal to
60 and theta equal to 120, to the total power radiated by the antenna. % Sub Ej is
given by the expression

00 [120 | Ep|?sin dfdo

Y%subEy = ¢=0 Jo=60  100%. (2.26)
f:ﬁ% (1 Egl? + | E, |?) sin 0dfdo




Chapter 3

Theoretical Basis

Electromagnetic problems usually lead to partial differential equations which have to
be evaluated taking into account boundary and initial conditions corresponding to the
problem under consideration. Direct Methods are methods that provide approximate
numerical solutions for differential and integral equations by reducing the problem
into a finite system of algebraic equations([28|.

In many cases, it is convenient to replace the problem by using an equivalent prob-
lem. For instance, it would be desirable to replace integrating a differential equation
with a function that results in a simple integral. Such problems are call Variational
Problems, and methods which allow us to reduce the problem of integrating a differ-
ential equation to the equivalent variational problem are called Variational Methods.

In 1915, Galerkin[29] published a paper describing a method that did not tie
directly to any Variational Method and could thus be applied to any differential or
integral equation.

Harrington[30| applied the Method of Moments to electromagnetic theory using a

general approach that can be applied to almost any analytical or numerical problem.

3.1 Method of Moments

The assumption of a uniform current distribution on the ideal dipole provided a

relatively easy method of obtaining the fields caused by the current. We could greatly

18
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increase the number of antenna configurations by eliminating the assumption of the
current distribution, however we would need a “general method capable of vielding
answers whose accuracy is within the limit of experimental error”[31].

The method of moments is the general approach used in both NEC and MBC. It

is a procedure for reducing an integral equation of the form

/[ )K(z,2')dz' = —F*(z) (3.1)

to a system of simultaneous linear algebraic equations in terms of the unknown cur-
rents I(z’). We can always express radiation problems as an integral equation in the
form of Equation (3.1).

The integral equation is a problem that can only be solved by numeric methods and
until only recently was computationally restrictive. The availability of powerful, high
speed computers has now made it possible to solve increasingly complex problems.

permitting users to test the limits of these simulation techniques.

3.1.1 Pocklington’s Integral Equation

In 1897, Pocklington derived a common integral equation arising from the treat-
ment of wire antennas or scatterers. This derivation “enabled him to show that on
thin wires the current distribution is approximately sinusoidal and propagates with
nearly the speed of light”[31].

Consider the geometry of Figure 3.1.

Assuming that the wire radius ¢ < A, but that the wire is not infinitely thin, it

can be shown that the following integral equation results

1 /L/2 I(Z") [%—) + 8%z, z')] dz' = —E'(2). (3.2)

jwfo -L/2 )

where ¥(z, 2') is the free space Green's function, given by
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Figure 3.1: Geometry of Pocklington wire segment(31].

c—iBR
4TR’

¥(z,2') =

where R is the distance from the source to the observer, generally given by

R=V(z-zP+H-y)+(z-2)"

If we define
., L [i? 82z, 2
Kle ) = o [“—:;g—)

- j&)fo —-L/2

+ B%y(z, 2')]d2,

then it is clear that Equation (3.2) is in the same form shown in Equation (3.1). This

is known as an integral equation of the first kind because the unknown [(2’) appears

only under the integral.

3.1.2 Integral Equations and Kirchhoff’s Network Equations

As stated earlier, the purpose of the moment method is to reduce the integral

equation into a system of linear algebraic equations in terms of the unknown current

I(2'). We can show that the Equation 3.2 is very similar to Kirchhoff’s network

equations given by

N
sz,,ln:vm,mz- 1,2,3,..., N.

n=1
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so we can thus solve the integral equation using N equations and N unknowns. We
will assume that the current is approximated by a series of ezpansion functions F,

such that

N
I() =) I.Fn(2') (3.7)

n=l1

where the [,,’s are complex expansion coefficients. For simplicity, the expansion func-
Y P

tions will be a set of orthogonal pulse functions given by

1 for 2/ in AzZ],

0 otherwise. (38)

F.(Z) = {
This function produces a “staircase” approximation to the current distribution, where

the wire is divided into N segments of length Az, as shown in Figure 3.2.

I

L~ [

/ Actual

I , dimribution p,
\ S \

/ 7s N

WA

Figure 3.2: “Staircase” approximation to an actual current distribution[31].

We can substitute Equation (3.7) into Equation (3.1) to obtain

L2 N )
/ Y L Fo(Z)K (2m, 2)d2’ & —E%(2m) (3.9)

L/2 et
where the subscript m on z, indicates the integral equation is being enforced at

segment m. The relationship is now only approximated because we have used an
approximate current distribution. Now, by substituting Equation (3.8) into Equa-

tion (3.9), we can write



22

> I K(zm, 2')dz' ~ —E*(zm). (3.10)

If we now define

f(zm, 2n) = K(zm,2')dZ, (3.11)

and then combining the result, we get

L/2
/L//2 [(ZYK (2m, 2)d2' = [ f(2m, 1) + L2f (2m0 23) + - -« + Inf(2m, 2) = ~E*(zm),

i (3.12)
as illustrated by Figure 3.2. We have divided the wire into N equal length segments
with Azl = A2’. Each segment has an unknown current, and at the center of any
segment, the sum of the scattered fields of all N segments is set equal to the negative
incident field at that point. From the boundary condition of a perfect conductor,
Eine + Eoear = 0, we know that the incident field is from either a source located on a
wire, (i.e. transmitting example). or from a source located far away, as in a receiving
or radar scattering case.

Finally, by defining Zmn = f(2m, 2,) and Vi, = —E%(zm), we obtain

N
szn[n = Vma (313)
n=1

Point Matching

We have one equation with N unknowns, but we now repeat this process at dif-
ferent points z, to obtain the additional equations. This process is called point
matching, a special case of the more general method of moments. The following

system of equations results from point matching at N points:
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[lf(zhz'l) +[2f(2132§)+---+1Nf(3172;v) = —Ei(zl)

[lf(z27z{) +[2f(22,2:;)+...+[Nf(22,z;v) = _Ei(‘z?)

L f(z3,21) + f(z3,23) + ... + Inf(z3,2y) = —Ei(z) (3.14)
Lif(zn, 2)) + Lf(zn. 25) + ... + Inf(zn, 2y) = —Ei(zw)

In compact matrix form, this can be written as

[Zmal[£n] = [Vin] (3.15)
where [Znn], [[.], and [V;,] are referred to as the generalized impedance, current and

voltage matrices, respectively. The solution to
[[n] = [Zmn]_l[vrn] (3.16)
can now be solved using a standard matrix reduction algorithm. Once the [I,] terms

are solved, we can proceed to determine whatever antenna characteristics that are

needed.

3.1.3 Numerical Electromagnetics Code (NEC)

The NEC code is a computer program that calculates the currents flowing on
wire-grid models of various structures, and subsequently calculates the electric and
magnetic fields resulting from those currents. Wire-grid modelling will be described
in Chapter 4. NEC finds the currents in the wire structure by solving Pocklington’s
Integral Equation using the method of moments. The expansion function used by

NEC is in the following form:

f(z') = a + beos(B2') + csin(B2'), (3.17)

and uses the point-matching approach.



24

Input Format

The input for NEC code is composed of various command lines, called cards, which
contain comments, geometry information, frequency, and the desired output. The
exact format is very structured, but general descriptions of the important commands

are as follows:

CM Comment card.

GW Geometry card, containing a tag number, starting and ending point,
and the wire radius.

FR Frequency of the desired evaluation.

NE,NH Near E or H field evaluation at a specific point.

RP Radiation pattern evaluated at a specific 8 and ¢.
Automatic incrementation is an option.

EN End of input file.

A sample of a NEC input file can be found in Appendix B.

3.1.4 Weighted Residuals and the Moment Method

In this section, an approach known as the method of weighted residuals will be
introduced, a procedure more general than the point matching moment method. We
will define the residual R to be the sum of the tangential components of the scattered
and incident fields,

R — Escat + Einc (318)

tan tan-

In the previous example using the pulse expansion functions (Equation (3.8)), we can
see that the current distribution used is true only at the matched points, i.e. at the
center of each wire segment. In that case, the residual is found from Equation (3.9)

to be



(V]
[44]

N

R(z) = ) inf(2,2) + EX(2). (3.19)

n=1

When Equation (3.19) is evaluated at z = zp,, the residual at that given matched point
will be zero since the solution for I, was obtained using the electric field boundary
condition. This is not the case at other points along that segment, as indicated by
Figure 3.3, where the total tangential field will not be zero, and therefore the residual

will not be zero for z # z,, m=1, 2, 3, ..., N.

W—1¥r _ e T 1 T
E
a8 — S os} —
"E‘ -—
S osf — Z  osf ..
-~ <
§ 04]- — g 04} —
2 02 - 3 o2 .
g °
g —o02} C & 02
- [~
—0.4}- — ~0.4
10° ! | 1ot
0 01 02 03 04 05 0 01 02 03 04 05
End /L Center €nd L Center

Figure 3.3: Normalized tangential electric field along one-half of a center-fed dipole
with pulse expansion functions and delta weighting functions. Dots indicate match
point locations(31].

Outside of the specified points, the boundary condition is being relaxed, and we hope
that the condition is not violated so badly that its solution is rendered worthless. To
improve the solution, we can increase the value of NV within reasonable limits. Fig-
ure 3.4 illustrates the convergence of input impedance as the number N is increased.

The method of weighted residuals calculates the I,,’s currents by forcing the av-

erage of the residual to be set to zero as follows:

/Wm(z)R(z)dz =0,m=1,2,3,...,N (3.20)

where W,,(z) is called the weighting function. By substituting Equaticn (3.19) into

Equation (3.20), we obtain
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L/2

L/2

mw N.r d Wa(z)Ei(z)dz =0 3.21
[ m(z)g,lnf(z,z)w/_m (2)Ei(2)dz =0, (3.21)

If Dirac delta functions are chosen for the weighting functions, then Equation (3.21)

reduces to the point matching solution in Equation (3.12).

Galerkin’s Method

The choice of the expansion function and the weighting function should reflect the

anticipated form of the current of the wire. When the expansion function is the same

as the weighting function, the procedure is often referred to as Galerkin’s method.

The final step is again to relate these quantities to Kirchhoff’s network equations.

It can be shown that if we denote the scattered field from the n*® expansion function

of the current by E,*(¢), then the general mn*® element in the generalized impedance

matrix will be

Zmn =

2
Wa(f) - Eo*(0)de, (3.22)
—2/2

and the m* generalized voltage matrix will be

Vi =

£/2
- W () - E(0)de (3.23)
-¢/2
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where W,(¢) is the m** weighting function to be located on the axis of the wire,
instead of on the wire surface. This is a mathematical simplification that essentially
modifies the electric field boundary condition. When doing this, it is best to restrict

wires to a radius of less than 0.01) [31], which is sufficient for most wire antenna and

scattering problems.

3.1.5 Multiradius Bridge Currents (MBC)

The MBC code is an extension of the original thin-wire code by Richmond. MBC
is a Galerkin method solution using piece-wise sinusoids (PWS), one of the most
useful functions for thin wire problems. For z-directed segments, the PWS can be

expressed by

- Si[l,B(Z — zn—l)

Fo(z) = 2— Zn1 S 2< 2y 3.24
(2) P B(zn —2a1) T (3.24)

_ . 8infB(zat1 — 2)

Fp.(z) = 2—  2n K 2< 24 3.25
(2) Sin B(zns1 — 2n) e (3-25)

The PWS is illustrated in Figure 3.5, along with overlapping PWSs.

—~—
— -
-~ -
- — -

2a Ca et P, Py Py P Py Py
(5)

Figure 3.5: a) Piecewise sinusoidal expansion function, b) Overlapping piecewise
sinusoidal functions(31].



Input Format

The input format for the MBC code is very cryptic and user unfriendly. [t requires
the same type of parameters as the NEC code, and a commented printout of sample

program is included in Appendix C.

3.1.6 Surface Patch Implementation

This section introduces the formulation of the Patch code developed by Rao et al[11].
An incident electric field E! incident on an arbitrary perfectly conducting surface

S induces surface currents Js. The scattered electric field E°* can be computed from

E° = —jwA — V& (3.26)

with the magnetic vector potential defined as

u e~ikR .
A(r) = 471_/5.] I dS (3.27)
and the scalar potential as
& Y R
= ! 39
(x) dre /50 R ) (3:28)

with the surface charge density o related to the current by the continuity equation[11]

V- Js = —jwag. (329)
Enforcing the boundary condition 2 x (E* + E°) = 0 on the surface S results with
the integral equation

—Ei

tan

= —(jwA — V®)an. (3.30)
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Basis Function

Having assumed that triangular patches have appropriately represented the surface
with respect to edges, faces and boundaries, Rao et al.[11] defined the vector basis
function as Equation 3.31 associated with the common (i.e. nonboundary) edge of

two triangle patches, shown in Figure 3.6.

s )

Figure 3.6: Triangular pair and geometrical parameters for patch basis function[11].

The triangle designations T, and T, each of area A7 and A respectively, are
determined by the assumed current direction across the nth edge of length ¢,, i.e.
from T to T,;. The position vectors p} in T are defined with respect to the free

vertex of T}, while p;; are directed towards the free vertex of 7,7, and r is the position

vector defined with respect to the origin. The vector basis function associated with

the nth edge is defined as

[4 + . +
AT Pn for r in T}

falr) =4 sh=p; forrin T7 (3.31)
0 otherwise.

Some of the properties of the basis function f,, used as an approximation of the

surface current, include
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1. There is no current component normal to the surface formed by T, and 7] so

there is no line charges along the nth edge.

2. The current components normal to the nth edge are constant and continuous

across the edge.

3. The surface divergence of f, is

4 -
ay forrinTy
V- falr) = f& for rin T, (3.32)

0 otherwise

and is thus constant for each triangle

3.1.7 Junction patch code

The code Junction[52| was developed by Hwu and Wilton, the latter being a co-
author of the original Patch code introduced earlier. Junction emploved the same
surface patch implementation as in Patch and incorporated wire grid modelling. In
this report, only the patch modelling approach of Junction is employed.

The input format required for Junction requires the definition of vertices as z, y
and z coordinates. These points are subsequently used to define the edges used to
make up the triangular patches. Also included in the input file is the definition of
field points and other control parameters such as frequency. A printout of the plate

input file is included in Appendix D.

3.1.8 Summary

This section has described the point-matching and Galerkin implementation of the
moment method. As an illustration of their difference, Figure 3.7 shows the electric
field on the conducting surface of a A/2 dipole solved using (a) pulse point-matching

and (b) Galerkin’s piece-wise sinusoids.
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Figure 3.7: Tangential electric field on the conducting surface of a A/2 dipole. a)
Pulse point-matching, b) Piecewise sinusoids-Galerkin[32].

We have seen in this section that the method of moments makes it possible to
reduce an integral equation into a system of linear equations. When we deal with
very complex models, we can see why computing power is needed. If we consider a
model with 500 wire segments, the [Z] matrix becomes 500 by 500 elements, where
each element is comprised of another integral, as symbolized by f(zm,z,) in Equa-
tion (3.11).

In order for NEC or MBC to perform as accurately as possible, the wire-grid model
must conform to several rules. The integrity of the model is extremely important since
meaningful results can only be obtained from models representing the true surface as

accurately as possible. The next chapter outlines the important rules to observe, as

well as software designed to aid in the proper construction of wire-grid models.
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3.2 Wire-Grid Modelling

Wire-grid modelling was first introduced in 1966 by Richmond([3]. The model’s
construction should follow the geometrical and electrical characteristics of the original
structure as closely as possible. Using this technique, grid models can be constructed
to represent surfaces of highly complex structures including aircraft and naval vessels.

Geometrically, the wire segments should follow the surfaces of the original struc-
ture. The most important electrical consideration is the relationship between the
segment length (A) and the wavelength (A)[33].

There are many rules, called modelling guidelines, that must be followed to pro-
duce accurate models. The modelling guidelines arise from two sources: The as-
sumptions in the derivation of the EFIE and the limitations of dimensions of segment
lengths and radii[34]. The most important guidelines shall be outlined in this chapter.

Note that the guidelines presented in this section are a result of much analysis
and scrutiny on the program NEC. There are very few guidelines available for MBC.
The original program “thin-wire” by Richmond[3], on which MBC was developed,
documents very few modelling rules. The report assumes that “a < A,” “A > a,”
and that the “longest wire segment should not greatly exceed A/47[42]. For this
reason, the NEC guidelines shall be applied for the MBC models employed in this

report.

3.2.1 Modelling Guidelines
Figure 3.8 illustrates the terms associated with wire geometry.
Segment length

In general, the segment length should be smaller than 0.1\; however longer wires
are acceptable where there are no abrupt geometrical changes. Shorter segments

increase the solving resolution of NEC; however, very short segments (A/1000) will
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/
/

Figure 3.8: Wire segment with label definition.

produce numerical problems[35].
Wire radius

The currents are only considered in the axial direction on a segment. This is
considered to be accurate unless 2ma/A < 1 or ka < 1. Segment length must be
A/a > 8 for errors less than 1%[36].

The wire radii “a” should be calculated so that the total surface of the wire
segments is equal to the area of the surface being modeled. The relationship between
the radius and the segment length can be determined using the adapted equal-area
rule, derived by Trueman(37]. This method relates the areas of the meshes with the
length and radius of their components, and is illustrated below in Figure 3.9.

In summary, the rule states that

A P

areg = — 4+ ——
mLy WLy

(3.33)

where,

A, = area of mesh #1,
A, = area of mesh #2,
Ly = Ly + Ly + Ly + A =periphery of mesh #1,
Ly = Ly + Ls + Lg + A =periphery of mesh #2.
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Figure 3.9: Adapted equal area rule[38].

Investigation of self-inductance by Lee et al. [39] found that respecting the same
surface rule generated the most accurate results. Ludwig [40] examined 2-D TM
polarized wire grid model of a cylinder and found that the far field was accurate
when observing the same surface rule even though the tangential field is not accurate
between the wires. Paknys [41] extended Ludwig’'s work by showing that the same

surface rule produces the best near field results.
Wire connections

Wire connections occur when two or more wires have coincident endpoints. Seg-
ments are considered to be connected if their ends are separated by less than 1000
times the shortest segment length [43], however it is good practice to use identical

points. The maximum number of connections to any one junction is 30 [44].
Summary of Modelling Guidelines

The modelling guidelines are shown in Table 3.1 and Table 3.2, outlining the main
recommendations for successful model development. The preparation of a proper

model entails a balancing of many criteria which are at times contradictory. For in-
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stance, the best resolution is obtained by the use of the maximum number of segments,

but numerical problems can arise, which limits the number of segments.

MODELLING PARAMETER

EXPECTED RANGE

Wire radius, a

As related to
wavelength,

Wire segment
length, A as
related to radius a

As related to
wavelength, 2

A n gl e o f
intersection of
wires, a

Axial separaticn of
wires, r,

Maximum no. of
wires at a
junction, N,

Source location

Adapted equal area
rule

2ta/). « 1

A/a)2

(Thin-wire Kernel)
A/a)0.5 :
(Extended
Thin-wire Kernel)

AYr/2=x

Larger than any
angle which causes
overlapging

Several radii apart

N, (30

Not on an
open-ended segment

JUSTIFICATION

To obtain the best
accuracy

Due to axial flow of

current

To avoid oscillation in
the current value near
voltage sources, lumped
loads or free wire
ends

To sample current
densely enocugh per unit
wavelength

Avoid placing the
observation point of one
wire segment within the

volume of another
wire
Division of current

between two overlapping
s egment s is
indeterminent

Due to dimension
limitation in NEC

To avoid non physical
situaticn of driving
wire at ocpen
end

Table 3.1: Summary of guidelines for individual wires[56].
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PARAMETER TYPE OF DISCREPANCY LIMIT
JUNCTION DISCREPANCY

Coincidence Error Two coincident wires.
error
RAD/RAD Warning Longer/Shorter radius 5.0

Error Longer/shorter radius 10.0
Match point Error Volume of one segment contains
error the centre of another.
SEG/SEG Error Longer /shorter segment ) 5.0
SEG/RAD Warning 2.0 ( SSG/RAD ( 8.0

Error 2.0 ) SEG/RAD.

wire length

SEG/RAD

SEG/4.

#./RAD

INDIVIDUAL DISCREPANCIES

Error Length ( 0.01 M.

Warning 2.0(S=G/RAD(S8
0.5 ( SEG/RAD ( 2 EX option

Error SEG/RAD 2

SEG/RAD 0.5 EK option
Note 0.05 é SEG/WAV é 0.1
wWarning 0.1 SEG/WA 2
Error SEG/WAV ) 0.2 OR ( 0.001
Error WAV/RAD ( 30

Table 3.2: Summary of guidelines at wire junctions[57].



3.2.2 Model Development Software

In order to ensure that the computational results generated by NEC or MBC are as
accurate as possible, it is important that the wire-grid models adhere to the guide-
lines outlined in the previous section. Models that do not observe these guidelines
may cause the code to calculate field and current flows that are not consistent with
measurements. Neither code provides any mechanism to validate these modelling
guidelines.

Over the years, computer programs have been developed to verify a model’s ad-
herence to the guidelines. This section will briefly describe some of the programs used

for the evaluation of this report.
MODEL

The program MODEL generates a visual representation of the wire-grid model
using a standard NEC input file. MODEL allows the user to display the model
from any perspective, and provides a capacity to zoom in on a specific area on the
display screen. The wires may be shown in a uniform -stick” form, or represented
as cylinders to highlight the different wire radii[l9]. Figure 3.10 shows some of the

possible outputs.

MESHES and FNDRAD

The program MESHES scans a standard NEC input file for the meshes formed by
the inter-connection of wires, and produces several output files containing the vertices
and elements involved in each specific mesh. This output is used to find the radius

of each wire.

The program FNDRAD (for FiND RADius) uses the area and size of each mesh

and applies the adapted equal-area rule to find the wire radius of each segment[37].
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Figure 3.10: Output formats of the program MODEL.

HIDNMOD

The program HIDNMOD (for HIDdeN MODel) uses the mesh information from
the output of the program MESHES and produces an image of the model that appears

to be solid. An example of the complex helicopter model is shown in Figure 3.11.

CHECK

The program CHECK scans a standard NEC input file and scrutinizes the en-
tire model for fundamental errors according to the modelling guidelines. CHECK’s
output contains different levels of advisories: Notes (N) for segments approaching
the violation boundary, Warnings (W) for segments that violate the lower limit, and
Errors (E) for serious breaches to the guidelines. CHECK also produces statistics

pertaining to the number of wire segments, their average length, radius, etc[47].
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Figure 3.11: HIDNMOD representation of the helicopter model.

3.3 Software Utilities

3.3.1 Analysis Software
ISOLEV

The program ISOLEV (ISOtropic LEVel) computes the isotropic level of the ra-
diating structure as defined in Chapter 2. The program also provides useful data,
such as the maximum field strength, total radiated power and input resistance. To
calculate these parameters, ISOLEV requires the radiation patterns based on the mil-
itary standard specifications MIL-A-9080 and examined by [48, 49].Since the far-field
disregards the /%" /r term of the field calculation, the field may be considered to be

normalized to the distance r, and evaluated at one metre in volts/metre.
PATCMP

The program PATCMP (for PATtern CoMParison) produces a polar plot of the
radiation pattern, using the solution file created by ISOLEV. The fields can be plot-
ted versus either phi or theta. The plot can be presented using either linear or

decibel scales, and can display either polarization, £y or E,, or both simultaneously.
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PATCMP also provides the user the option of displaying the model in the proper

orientation, in the upper-left corner of the display([47].
IDIS

The program IDIS (I for current, DISplay) represents the current distribution
throughout the wire segments in the model. There are a number of display options
available. Currents can be presented in either linear or dB scales. Several display
modes are available: rectangular axis, perpendicular-lines and spectrum formats.

The rectangular axis mode plots the current magnitude and phase on a rectangular
axis as a function of distance along the current path. The perpendicular mode plots
lines representing a function of the current magnitude perpendicular to the wire
segments. The spectrum mode shows the current distribution coded with a hot colour
scale. Arrows can be displayed to indicate the phase of the current along each segment.

An example is shown in Figure 3.12

SN
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Figure 3.12: Example of IDIS outputs: a) spectrum scale (dB) b) phase scale.

The software is one of the most important tools in understanding the model's (and
therefore the antenna’s) efficiency. Radiation is produced by currents flowing, so this

display program provides some of the best insight into antenna operation.
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RPLOT

RPLOT is a general purpose rectangular plotting program. RPLOT uses a two
column input file to produce the plots, and the scaling can be linear, log or dB. There
is also an impedance scale which allows a representation of the antenna reactance,
which would normally be difficult to represent in dB format due to the negative

values[47].

3.3.2 Conversion Software

In order to take advantage of the existing model development software and analysis
software packages describes in the previous sections, the following programs were

written by Raschkowan as part of this thesis.
CONVert

The program CONVert is a utility to translate a NEC input file to the format re-
quired for MBC. The program includes the redefinition of the geometry, wire radius
designation, desired output, frequency, and ground plane option. The geometry con-
version has been substantially tested, and a graphical illustration is presented in
Figure 3.13 showing the NEC input file for the complex helicopter using MODEL.

and the “thin-wire viewer”[50| representation of the MBC file.
TRANslate

The program TRANslate converts the solution file from the MBC run and converts
it into the NEC solution file format. This step was necessary in order to perform the

side by side comparison using the analyzing software.
EXTRACt

The program EXTRACt was written to organize the data for the antenna parameters

into the two column format needed for RPLOT. The program uncompresses each of
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Figure 3.13: Model representation using a) MODEL for NEC and b) thin-wire viewer
for MBC.

the solution files (one per frequency) obtained in the frequency sweep. reads the
parameters of the maximum field strength, isotropic level, impedance, etc, writes
these parameters to individual files ready for RPLOT, and then recompresses the
solution file.

The compression of the files is necessary because of the large number (281) of solu-
tion files produced per model when carrying out the frequency sweep of the helicopter

models, and the large amount of data in each file.



Chapter 4

Near Field Experiments

There has been much research assessing the validity of wire grid modelling performed
on the far field calculations but relatively little investigating the near field.

Much of the work in this section was reported in [51], attached in Appendix A.

4.1 Near Field Scattering of a Square Plate

This section investigates the near-field calculations generated by both NEC and

MBC of a plane wave incident upon a l-metre square wire-grid plate, as depicted in

Figure 4.1.
15 .
‘E"L
0.84
0.6+
N
0.44

Figure 4.1: Plane wave incident upon 1x1 metre plate.[51]
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There is no exact solution for the scattering by a plate. A surface patch model
of the plate is evaluated using the Moment Method patch code Junction [52] as a
comparison. The validation for employing the Junction code as a benchmark for the
plate is included in [51] where Junction was compared to the UTD based BSC (Basic
Scattering Code)[53] to establish confidence in the patch model.

The 1-metre square plate lies in the z - y plane with the origin at the center of the
plate. The calculations are performed at a frequency of 300 MHz. The incident field
is Einc = fe/k* an f-polarized plane wave with an amplitude of 1 VV/m travelling in
the —z direction.

The wire grid model evaluated was created with a grid size of g = 0.1A. Field
points are selected at different heights h above the plate. The relationship between
g/h is examined.

In a separate experiment, an examination of the same surface rule is performed
by varying the wire radii of the models and comparing the results to the Junction

solution.

4.1.1 Grid to Height Evaluations

Field points were selected at various heights just above and just below the surface
of the plate. Heights of g/z = £1.25 and g/z = £2.5, were selected. Note that the
lit side are positive heights and the shadow side are negative heights. The total field

E = Einc + Es°a was plotted, using a reference level of 0 dB = 1 V/m.
Results and Discussion

The results of the tangential E, field at g¢/z = £2.5 and g/2 = £1.25 are shown in

Figure 4.2.
The results show that anomalies occur in the E; field as the distance approaches
g/h = 2.5 on the lit side of the plate, however the anomalies are significant at g/h =

2.5 in the shadow, and only subside as the distance increases toward g/h = 1.25.
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Figure 4.2: E; field of the 0.1\ grid square plate (a) Junction (—) and NEC (000)
at h = £0.04m (b) Junction (—) and MBC (000) at h = £0.04m (c) Junction (—)
and NEC (oo0) at h = £0.08m (d) Junction (—) and MBC (ooo) at A = £0.08m
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The results of the Normal E, field at g/z = 2.5 and ¢g/z = 1.25 are shown in

and below the plate.
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Figure 4.3. Note that only the lit side is shown since the E field is the same above

/

o8 a8 44 Q2 [}

<0

ast

S0

98 406 Ve 32 4]

(d

Figure 4.3: E. field of the 0.1\ grid square plate (a) Junction (—) and NEC (0o0)
at h = 0.04m (b) Junction (—) and MBC (000) at A = 0.04m (c) Junction (—) and
NEC (000) at h = 0.08m (d) Junction (—) and MBC (000) at A = 0.08m

The anomalies in the E, field shown in Figurc 4.3 at g/h = 2.5 are the same

magnitude as those seen in the results for E..



4.1.2 Same Surface Rule Evaluations

The wire-grid modelling guidelines outlined in Section 3.2 indicate that the total
surface area of the wire-grid model should equal the surface area of the object under
investigation to yield the best results. In this section, comparisons are performed by
varying the wire radii of the plate and observing the results.

As in the previous section, a frequency of 300 MHz was used. The height above
and below the plate are g/h = +1.25 in order to be as close to the surface as possible

without having the anomalies interfere with the results.
Results and Discussion

The results of the tangential E; field at g/z = £1.25 are shown in Figure 4.4.

Figure 4.4: Wire radii variations to £ field of the 0.1 grid square plate. Comparison
between Junction (—), and NEC result with a, (000), % (+++) and 2a, (xxx).
(2) h = 0.08m and (b) h = —0.08m.

The results in Figure 4.4 show that adhering to the same surface rule produces
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the best results for the E, field. The results show that the E, field in the shadow is
more sensitive to wire radius changes than on the lit side of the plate.

The results of the Normal E, field at g/z = 1.25 are shown in Figure 4.5.

0.5 1

1 -0.5 0

Figure 4.5: Wire radii variations to £, field of the 0.1\ grid square plate. Comparison
between Junction (—), and NEC result with a,, (000), 4 (+++) and 2a, (xxx) at
height A = 0.08m.[51]

The results of the E. field indicate that the best results to not occur when the
same surface rule is followed. It appears that the same surface rule can not provide
the optimum solution for both tangential and normal fields simultaneously[51]. It
appears as well from the results that the E, field is more sensitive to the variations

of wire radius than the E, field.
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4.2 Near Field Scattering of a Sphere

This section demonstrates the accuracy and reliability of the moment method
in solving near field scattering problems. The results from the two codes will be
compared to the exact solution to verify the validity of the calculated solutions. This
will also be another example to examine if the Galerkin method is superior to the
point matching method.

The near field scattering of a plane wave incident on a 15 metre radius perfectly
conducting sphere is used to evaluate the performance of the two codes compared to

the exact solution of the problem. Consider the illustration presented in Figure 4.6.

Figure 4.6: Uniform plane wave incident on a conducting sphere[54].

4.2.1 Exact Solution

The exact solution for the scattering of a sphere is available in many texts including

Harrington(55] and Balanis[56]. The incident wave is x-polarized and z-traveling, i.e.

E; —_ Eoe—jlc: — Eoe—jkrcoso (41)



and
Hi = Ege-—jkz — &e—jkrcosﬂh
Yoo n

The scattered field can be expressed using the following potentials:
s 120 - 7 (2) 1
A = —cos¢ Z b H," (k) P, (cos 6)

r
W
H n=1

and

s _ Eo . - Fr(2) 1
FP = TsquchHn (kr)P,(cosb).

n=1

The total field can be expressed using the following:

Al = &% cos @ Z [an.fn(kr) + bnfl,(f)(kr)] Pl(cos6)

n=1l

and

= —squbz [an (kr) +an(2)(kr)] P!(cos®),

where the boundary CO[ldlth[lS are £y = E; =0 at r = a requiring

i "(2n+1)
a, = —————
nin+1)
b = —q, Jalke)
H(z)'(k a)
_ I, Ju(ka)
- H(z)(ka)

(4.3)

(4.4)

(4.5)

(4.6)

(+.7)

(4.8)

(4.9)

The E and H are then determined using the relationships in equations (4.10)

through (4.15) from [57]:

1/0
B2 (5 )

-1 OF, +i82Ar
" rsin@ 8¢  gr Orol

E—l_F_'.;_ 1 8%4,
* T 1o yrsin @ drde

(4.10)

(4.11)

(4.12)
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1 94, 1 &F,
T rsind 8¢ = irordl (4.14)
, 2
Hy = LA + L _OF (4.15)

rd8  irsin@Ordp

The resulting total electric and magnetic fields of a plane-wave incident on the

sphere are the following:

E. = &%Zf)?ﬁ Y an+1) [anjn(k'r) + by H,§2>(kr)] P!(cos¥) (4.16)
J n=1
Eqcos¢ = - ~ (9
Ej= =" (— S [ndatr) + ca B2 (k)| P,t(cose)>
n=1

Eo Cos ¢ ( [an ], kr) + b, H())'(kr)] (cosﬁ)) (4.17)
Jkr

n=1

[ ](kr)+an(2)(Ar] (cose))

[\/]8

Il
-

n

E, = %sin&(

[an Jt(kr) + b, H® (kr)J L(cos 6)) (4.18)

+

|

w,

(=]

(S
/\
M8

3
Il

smBsmq}z n(n +1) [anJ (kr) + c,,lf[,(f)(kr)] P!(cos@)  (4.19)

HY = E‘;}j‘c‘:‘(’ (—i{ Jn(kr) + by H<">(/cr)] (cose))
>

[anjg(kr) + cnfl,(f)'(kr)] PY(cos 9)) (4.20)



H, = 22 cos g (_ > [andntkr) + ba AP kr) p,y(cose))

nkr =
+nfk0r cos ¢ (Z [an.ffl(kr) + CRH,(?)'(ICT)] P}(cos 0)) (4.21)
n=1

Note that the Bessel a,.J, terms represent the incident field and that the Hankel

H? terms represent the scattered field.



4.2.2 Computational Solution

A plane wave incident on a 15 metre radius wire-grid sphere will be used to
compare the near field scattering of the two codes. A sphere with wires every 22.5°

will be used as illustrated in Figure 4.7.
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Figure 4.7: Sphere used for near field scattering comparison.

Model preparation was performed by generating the three dimensional coordinates
of the various segments centered at the origin, with a radius of @ = 15m. Wire
spacing for the model is A¢p = Af = 7/8. The model development software packages
described in Section 3.2.2 were then utilized.

The longest segment of each model is at the equator determining the grid size g.
Field points are evaluated at the equator with § = 90° and 0 < ¢ < 360°. The
frequency was chosen to ensure that the longest segment in either model would not
exceed A/4. In this model, the longest segment is 5.853m with wire radius a, =
0.9128m. The tested frequency was 12.8 MHz resulting in a grid size of A\/4 and
ka = Fa = 4.0. The total field E = E™® + E***** was plotted, using a reference level
of0dB=1V/m.

The patch model for Junction was generated for the “m/8” model by creating

one diagonal across each grid in order to build the triangular input required. The
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evaluation between the exact solution and the Junction patch solution were indistin-
guishable at all the tested heights and so they are not shown. Further experiments

were performed very close to the surface and some anomalies did develop.

4.2.3 Grid to Height Evaluations

The fields were calculated at three different heights A above the sphere to evaluate
the relationship of g/h, i.e. the grid size and height for this comparison: g/h = 1.25;
g/h = 2.5; and g/h = 3.75. The geometry is illustrated below in Figure 4.8, and the

results incorporate the incident and scattered fields for each of the components.
1
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Figure 4.8: Geometry of plane wave incident on the sphere.

Procedure

The procedure consisted of the following for both spheres:

1. Converting existing NEC files to MBC using program CONV.
2. Preparing the Junction input file.

3. Running Junction, NEC and MBC.

4. Generating exact solution results using [58].

These results were then compared using Matlab, presenting graphical representations
of the significant components, namely E., £y, and Hy. Each figure will compare one

of these components, at the three heights, for both spheres.
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Results and Discussion

The results for the E, component versus 8 at g/h = 3.75 and g/h = 2.5 over the

sphere are presented in Figure 4.9.

ghad.75 g22.5
20 .
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Figure 4.9: E, vs. 6 results at (a) g/h =3.75, (b) g/h = 2.5 over sphere. Comparison

of the exact solution (—), NEC (+++) and MBC (000).

In general, the computational results obtained with NEC and MBC show very
good agreement with the exact solution. However the NEC and MBC results very
close (i.e. g/h = 3.75) to the surface of the sphere show anomalies or “wiggles”
compared to the exact solution. The magnitude of the anomalies is comparable in

the NEC and MBC, with the wiggles corresponding to the longitudinal junctions at
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the equator. As we move away from the surface at g/h = 2.5, the characteristics of
the anomalies remain but their magnitude has decreased.
The results for the E; component versus @ at a distance of g/h = 1.25 over the

sphere, are presented in Figure 4.10.

gh=1.25 g22.5

(48)

£

60 120 180 240 300 360

S

Figure 4.10: E, vs. 8 results g/h = 1.25 over sphere. Comparison of the exact
solution (—), NEC (+++) and MBC (000).

At this distance, the computational results from NEC and MBC are almost iden-
tical to the exact solution. The evaluation between the exact solution and the Junc-
tion patch solution were indistinguishable at all the tested heights and so they aée
not shown. Further experiments were performed very close to the surface and some
anomalies did develop.

The next results are for the Ey component versus 4, presented in Figure 4.11,
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showing a distance of g/h = 3.75 and g/h = 2.5 over the sphere. Theoretically,
the tangential £y component should decrease to zero as the height decreases to the

surface of the sphere.
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Figure 4.11: E4 vs. fresults at (a) g/h = 3.75, (b) g/h = 2.5 over sphere. Comparison
of the exact solution (—), NEC (+++) and MBC (000).

Close to the surface at g/h = 3.75 the anomalies are much more significant than
those observed in the normal field (E. above). Once again, the number of wiggles

corresponds to the logitudinal junctions at the equator. As we move further from
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the surface to g/h = 2.5, the agreement with the exact solution is much improved,
though the anomalies are still significant in the complex model.

The results at a distance of g/h = 1.25, shown in Figure 4.12 indicate that there
is excellent agreement with the exact solution. Again, there is almost no perceivable

difference between the results of MBC and NEC.
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Figure 4.12: E4 vs. 6 results at g/h = 1.25 over sphere. Comparison of the exact
solution (—), NEC (+++) and MBC (000).

The final results are for the Hy component versus 8 at distances of g/h = 3.75



and g/h = 2.5, presented in Figure 4.13.
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Figure 4.13: Hy vs. 0 results at (a) g/h = 3.75, (b) g/h = 2.5 over sphere. Compari-
son of the exact solution (—), NEC (+++) and MBC (000).
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At g/h = 3.75 the NEC and MBC results show good agreement with the exact
solution, though there is a slight offset in the level. As the distance increases to
g/h = 2.5, the computed solutions from the two codes are consistent with the exact
solution. It is interesting to note that the MBC solution exhibits some asymmetric

spikes which NEC does not produce.

gh=1.25 g22.5

)
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Figure 4.14: Hy vs. 6 results at g/h = 1.25 over sphere. Comparison of the exact
solution (—), NEC (+++) and MBC (000).

The results at g/h = 1.25, shown in Figure 4.14, indicate that the solutions of
the two codes show excellent agreement. At this height above the sphere, the spikes
observed in the MBC solution closer to the surface are no longer visible.

[t is interesting to note that the Ey/Hy = 377 = 7,, which would be expected

when the radiation behaves like “locally plane” waves as in the far field region.
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4.2.4 Same Surface Rule Evaluations

An examination of the same surface rule was performed by comparing the exact
solution to that generated by NEC with wires too thin and too thick. The 7/8 model
sphere is used at field points a distance of g/h = 1.25 or 4.68 m off the surface from
the equator of the sphere in order to minimize the anomalies yet obtain results as close
as possible to the surface of the sphere. The grid size at the equator is ¢ = 5.853m
with a wire radius of a,, = 0.9128m. A frequency of 5.1248 MHz was chosen resulting

in a grid size ¢ = 0.1\ and ka = 1.6.
Results and Discussion

The results for the E; component versus § are presented in Figure 4.15.

40 n " - i
0 60 120 180 240 300 360

Figure 4.15: E, vs. @ results achieved by varying wire radii. Exact solution (—)
compared with NEC at a,/2(+++) and 2a,, (xxx) at height g/h = 1.25.



The results for the £y component versus & are presented in Figure 4.16.
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Figure 4.16: Ej vs. 6 results achieved by varying wire radii. Exact solution (—)
compared with NEC at a,,/2(+++) and 2a,, (xxx) at height g/h = 1.25.

Compared to the plate, the results of the tangential field vary much less due to
variations of wire radius of the model. However adhering to the same surface rule
generated the best calculated results for both the normal and tangential F fields

unlike the results observed with the plate in Section 4.1.2. The same experiment was

repeated with MBC yielding almost identical results.

4.2.5 Summary

The results of this section indicate that Junction is very well suited for the computa-
tion of the near field for smooth bodies. It was also found that wire grid modelling

provides very good results provided a minimum distance of g/h = 2.5 on the lit side,
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and g/h = 1.25 on the shadow side are respected. Generally, optimal electric field
results are computed when the same surface rule is respected. though this did not
hold true for the normal electric field on the plate.

There is almost no difference between the results of NEC and MBC in the near
fields. This is somewhat surprising since their formulations are very different. This
indicates that the implementation type of the moment method used in wire grid

modelling is not a major determinant.



Chapter 5

Far Field Experiments

5.1 RCS of Two Plates

5.1.1 Objective

The objective of this demonstration is to present a first comparison between the
MBC and NEC codes, and to try to validate them with an approximate solution,
namely Physical Optics. The use of two simple geometries should build confidence
in the accuracy of the two codes. Using a frequency of 300 MHz. two different grid

sizes, 0.1\ and 0.25). are used to compare the results of the MBC and NEC codes.

5.1.2 Methodology

The bistatic radar cross-section of a plane wave incident on two plates is calculated,
where one plate is lm by 1m, and the other is 3m by 1m. The incident plane is £
polarized travelling in the —z direction, i.e. E™¢ = fe/**. The geometry of the
problem is pictured below in Figure 5.1. The results will be compared to the physical

optics solution.

5.1.3 Procedure
The procedure for this study consisted of the following:

1. Creating the NEC input files.
2. Converting NEC files to MBC using program CONV.
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3. Running NEC and MBC.

4. Running P.O. solution.

Figure 5.1: Geometry for the incident field on the plate.

The results are then presented graphically by calculating the Radar Cross-Section

using the Ej field as described in equation (2.22), using Matlab.

5.1.4 Results and Discussion

The results of the 1 x 1m plate are shown below in Figure 5.2. For both grid
sizes, the graphs show very good agreement for both the NEC and MBC results.
The maximum level when measured broadside converge toward the physical optics
soluticn, with the finer grid showing very good results.

The results of the 3 x 1 plate are shown below in Figure 5.3. Here again, the
graphs show very good agreement for both the NEC and MBC results for both grid
sizes, with the finer grid matching the physical optics result over a wider range than
that of the 1 x 1 plate results.

It is interesting to note that the modelling guidelines for NEC suggest that 0.2\

be the longest segment used, yet NEC still produces almost the same results as MBC.
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Figure 5.2: RCS results for 1 x 1 plate.
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Figure 5.3: RCS results for 3 x 1 plate.

a) 0.25) grid, b) 0.1\ grid.
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5.2 Radiator on a Conducting Sphere

The radiation pattern of an antenna placed on the North pole of a sphere is examined
in this section. Using the Reciprocity Theorem, the exact solution of a plane wave
incident upon the sphere in Section 4.2.1 is used to determine of the radiated fields
caused by an antenna on the sphere, and these calculated resulted are compared to
the results generated by NEC and MBC. The solution to the antenna mounted on a

sphere is solved in [59]

5.2.1 Exact Solution

Reciprocity Theorem

Similar to its application to basic electrical circuit analysis, the reciprocity theo-
rem can be used to relate the transmission and reception characteristics of radiating

systems.

Figure 5.4: Example of Reciprocity Theorem.

If we consider the example presented in Figure 5.4, it can be shown [60] that

/E]_'Jg—Hl'Mzd'Ul=/E2'J1—Hg'MldU,. (51)
v v
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The reciprocity theorem in the form of Equation 5.1 is used to establish that the
transmitting and receiving patterns of an antenna are the same[61].

Plane Wave Source

In order to use reciprocity, we first determine a source of the plane waves in Section
4.2.1. Consider an electrically small dipole [,¢;(£) placed far from the sphere at

location (ry,w,0), as per Figure 5.3.

i’
i
{
P,(r,m0) ﬂ*/

43

Figure 5.5: Conducting sphere and a dipole source.

For an electrically small dipole,

_ u[ﬂl e‘j"R‘

4, ) (5.2)
and
S —jkRy
E, ~ —jwA, = Jephbie ™ (5.3)

4 R[
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Using the far-field approximation
Ry ~r  +acosf (5.4)

for any points ’'p’ on the sphere, we obtain

—1 —jkry
— ]wﬂ[lele e—jkacoso (

|
4 T

noting that z = acosf. By defining

_ —jwplfy eIk

EO A r 1 (5.6)
and fixing the values of 7, and I, ¢, we obtain a plane wave
E! = E, = Ege 7%= (5.7)

This plane wave E! produces the scattered field portion of E, (Equation 4.16) on

the sphere or

E. = f(6.0) = &_ﬁf’%“_"i S nln+ 1) [AO (k)] Pi(cost).  (5.9)

n=1

For compactness, we shall define this field as
E. = f(0,9). (5.9)
Reciprocal Solution

We want to evaluate the far field produced by a radially directed small monopole [¢7
placed upon the conducting sphere as illustrated in Figure 5.6.
To solve this problem, we use the Reciprocity Theorem and note that with the

absence of magnetic sources M, Equation (5.1) reduces to

/ E]_ . szU’ =/ Ez . Jld’U'. (510)
1’4 v

Applying reciprocity to the current system, we obtain
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Figure 5.6: Conducting sphere with a dipole source and the reciprocal problem with
a monopole mounted on the surface of the conducting sphere.

12 1%

As we have assumed that the sources are electrically small, we can thus view these

sources as delta-sources. Hence Equation 5.11 is reduced to

E1 - f[g |p= E . .’f[lel Ipl (512)
or
re . -
EI(P[) = MEI - T lp . (013)

Using equations 5.6 and 5.7, and the compact form of the radial field in Equa-

tion 5.8, we obtain
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jwu[lel e‘]k"‘

E, -7lp=- 0,9). 5.14
L Flp= TS 1(0,4) (514
Substituting this into Equation 5.13 produces
Jupll eIk o
Expy = - f(9, 9)- (5.13)

471'E0 T

To take into account the rotation of the geometry, we translate using r = a,

=7 —8, and with £ -0 = —1. we produce the radiation pattern
jw,u[fe —ikmy -
Es = 8 . .
9=+ inE, f(m =64, 0 (5.16)

Substituting back in the value of E, for f(0, @), collecting terms and simplifying,

the radiation pattern can be expressed as

ot
—
-1
~

—Jkr J 2n + ]. _
-lrjk; Z (2)/ P (cos(m — 6g)). (5.

n=1



5.2.2 Computational Solution

The 15 metre radius wire-grid sphere with wires every 22.5°, used in Section 4.2.2,
will be used to compare the radiated field of the MBC and NEC codes. A monopole
antenna of length a/5 or 3.0m is placed on the north pole as illustrated in Figure 5.7,
and the results are compared to the exact solution produced in the previous section.
Note that there are more wire junctions at the North and South poles of the model,
and thus their wire radii are thinner than those at the equator, as calculated by the

model development software packages Meshes and FNDRAD.

/7T T AN
L

WL
N 17/
NN

Figure 5.7: Sphere with monopole used for far field radiation pattern comparison.

Wavelengths A of 6a, 4a and 2a i.e. 90m, 60m and 30m respectively were selected
resulting in frequencies of 3.331 MHz, 4.997 MHz and 9.995 MHz respectively for the

three cases.
Procedure

The procedure for the evaluation of radiation patterns produced by a monopole
placed on a conducting sphere consisted of the following:

1. Converting existing NEC files to MBC using program CONV.
2. Running NEC and MBC.

3. Generating exact solution results.



The resulting radiation patterns were then processed using Matlab.

9.2.3 Results and Discussion

The radiation pattern for the case A = 6a is presented in Figure 5.8. At this
frequency, the wavelength is three times the size of the model. The results indicate

that the NEC, MBC and exact solutions are almost indistinguishable from each other.
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Figure 5.8: Radiation pattern of the monopole on a conducting sphere with \ = 6a.
Comparison of the exact solution (—), NEC (+++) and MBC (000).

Decreasing the wavelength to two times the sphere diameter, i.e. A = 4a, both
codes generate results that agree very closely with the exact solution, as illustrated
in Figure 5.9.

Further decreasing the wavelength to A = 2a = 30.0m, the dimension of the sphere
model, the results by both codes still show good agreement with the exact solution.
The results are shown in Figure 5.10. However results obtained by further reducing
the wavelength did not converge properly. This was to be expected since the moment

method is best suited for models smaller than one wavelength.
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Figure 5.9: Radiation pattern of the monopole on a conducting sphere with A\ = 4a.
Comparison of the exact solution (—), NEC (+++) and MBC (000).
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Figure 5.10: Radiation pattern of the monopole vu a conducting sphere with A = 2a.
Comparison of the exact solution (—), NEC (+++) and MBC (000).
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5.2.4 Same Surface Rule Evaluation

An examination of the same surface rule was performed by comparing the exact
solution to that generated by MBC with wires too thin and too thick. A frequency
of 4.995 MHz was chosen resulting in a wavelength A = 4a = 60m. Results in the
previous section showed excellent agreement with the exact solution when respecting
the same surface rule.

The grid size at the equator is g = 5.853m with a wire radius of a,, = 0.9128m.
The wire radii are double the ‘proper’ value for one evaluation of MBC, and then half
the ‘proper’ value for another, where the proper values are those which respect the

same surface rule.
Results and Discussion

The results shown in Figure 5.11 support once again that respecting the same surface
rule produces the most accurate results. Nearly identical results were obtained when

performing this evaluation with NEC.
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Figure 5.11: Radiation pattern of the monopole on a conducting sphere with varying
wire radii at A = 4a. Comparison of the exact solution {(—), MBC with 2a,, (+++)
and MBC with a,,/2 (000).
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5.3 Bell-412 Helicopter Model Frequency Sweep

Modern aircraft incorporate a large number of antennas for different communica-
tion and navigation requirements. For example, consider the multitude of antennas
connected to the Canadair Global Express in Figure 5.12. With the large conducting
surface of an aircraft, it is important to understand how the structure may interfere
with an antenna’s operation. The coupling of different systems is also a concern
in these applications, and electromagnetic codes such as NEC and MBC are pow-
erful tools to help gain insight into potential electromagnetic compatibility (EMC)

problems.
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Figure 5.12: Antenna location diagram for the Canadair Global Express.[62]

5.3.1 Background

The analysis of antenna placement on aircraft requires considerable measurement
of radiation patterns over the antenna’s operating range. Ground breaking research

by Granger[63] investigated the interaction of various types of antennas mounted
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on airframes. He found the relationship between the aircraft dimensions and the
wavelength impacts antenna characteristics. The size of many aircraft are comparable
with the wavelength of the HF band thus their structure has significant impact upon
the antenna performance.

Granger[64] also investigated the distribution of current on various aircraft struc-
tures. In the HF band, he researched the relationship between antenna performance
and current resonances resulting from the comparable size of the airframe and the
wavelength, and provided valuable insight into the input impedance and radiation

patterns for many aircraft antennas.

5.3.2 Related Research

As computer modelling developed, it has rendered this task into a manageable
activity by providing a means of predicting radiation patterns as well as RF current
flows along the surface of the aircraft. The performance of the antenna mounted on
the aircraft body can be assessed by performing multiple frequency sweeps. Powerful
software packages assist in the visualization of the results by presenting graphical
representations of the current distribution. providing insight to the resonance of the
aircraft as well as nulls and lobes of the radiation patterns.

For decades now, numerical modelling has been implemented to predict antenna
radiation patterns or scattering problems at research institutions around the world,
including the EMC Laboratory. Some of the pioneering work included wire grid
models of various helicopter HF antennas examined by Kubina and Pavlasek([65].

There have been a number of graduate students who have applied numerical mod-
elling of antennas in aerospace applications at the Concordia University EMC Labo-
ratory. Larose[66] performed a numerical analysis of HF antennas mounted upon a
wire grid model of the CP-140 Aurora. The models ranged in complexity from simple
to relatively complex configurations. The study compared the computed radiation

and antenna input characteristics of each model with those measured on a range.
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Later, a series of wire-grid models of the C130 Hercules with five HF antennas were
developed by Rosenzweig[67]. [n 1994, Luu[19] studied the antenna-to-antenna and
antenna-to-airframe HF coupling of two aircraft, namely the C130 and the Canadair
CL-600 Challenger jet. Continuing advances in computer power enabled a HF fre-
quency sweep with relatively fine precision intervals.

Bahsoun[17] developed the first helicopter models at the EMC Laboratory. The
results of an HF antenna mounted on the airframe obtained by numerical techniques
were compared to those of measurements performed on a scale model.

Esfandiari[35] performed an analysis on a Bell CH-135 helicopter. The study
performed a comparison of scale-model measurements to the results of computer

simulations of two different HF antennas mounted on the structure.

5.3.3 Objective

This section of the report will compare a high frequency sweep of a complex
helicopter model using the two codes. Although there will be no measured test results
to compare with the solutions of the codes. this exercise will introduce some of the

techniques employed when performing antenna analysis.

5.3.4 Methodology

The high frequency sweep will range from 2.0 MHz to 30.0 MHz in incremental
steps of 0.1 MHz. The comparison will examine the total radiated power, the efficiency
in the various components as described earlier in this report, the radiation patterns

and the representative currents on the structure.

5.3.5 Model Preparation

Substantial work has been done at Concordia University’s EMC laboratory with
respect to the modelling of different aircraft, including many airplanes and helicopters.

The Bell-412 helicopter has a height of 4.57m, fuselage length of 12.7m metres, with
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rotor diameter measuring 14.0m.

It is desirable to use a single model for the HF band usually tested (2-30 MHz)
where the wavelength varies from 150m to 10m. The ratio of segment length to
wavelength varies substancially. The conventional practice at the EMC Laboratory
is to design the model such that a maximum segment length of A/10 occurs at a
frequency of about 11 MHz. This trade-off helps to minimize the degradation of the
results as the frequency increases towards the high end of the band. The complex
model of the Bell 412 helicopter used in this report was developed in the EMC lab
over the years(17, 35].

In these previous works, the results of other analysis using the complex model
were compared to actual measurements on a scale model at the National Research
Council’s antenna range in Ottawa, Ontario. The results of the actual measurements
compared to those of the NEC simulations showed agreement both quantitatively and
qualitatively[35]. The antenna used in this study is a short circuited transmission line
antenna connected from the aft of the cabin to the tip of the tail. The model of the

antenna is shown in Figure 5.13 with the antenna wire radii exagerated for emphasis.

Figure 5.13: Emphasized tran-line antenna mounted on the helicopter.
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5.3.6 Procedure
NEC runs

Once the program cards (i.e. the NEC input file GW cards) containing the model
were completed, the radiation pattern control cards were inserted for the radiation
pattern specifications required(48, 49|, and the frequency was selected for the run, and
then the resulting file was input to NEC. The output of NEC is passed through STRIP,
a small program used to remove unnecessary information from the solution file, and
then passed through ISOLEV. The resulting solution files were then compressed using

the Unix utility GZIP.

MBC runs

To perform the MBC runs, the following procedure was required:

1. Convert NEC input file to MBC file using program CONV (i.e. nec.gw =
mbc.in)

2. Copy NEC input file (nec.gw = mbc.sol)
3. Run MBC (mbc mbc.in mbc.out)

4. Translate MBC solution file to NEC format using program TRAN (mbc.out =
nec.sol)

5. Append translated solution to copied NEC file (i.e. cat nec.sol > mbec.sol)

6. Run program ISOLEV.

This procedure produces an MBC output in the NEC format, and thus enables us to
perform the side-by-side comparison with the established software.

These two procedures were repeated for all the frequencies in the sweep. Once
completed, the program EXTRAC was used to produce the input files for RPLOT.
The comparison of the various antenna parameters is then analyzed using the software

outlined in Chapter 4.
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The different rectangular views of the developed model are presented in Figure 3.14

1

] [
Vil ¥

Figure 5.14: Rectangular views of the helicopter model.
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5.3.7 Results and Discussion

Frequency Sweep

This section contains the results obtained in the frequency sweep. Figure 5.15

presents the total radiated power and isotropic level respectively.
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Figure 5.15: Power comparison results with MBC (—) and NEC (- -): a) Total
radiated power b) Isotropic results.
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The results show that the MBC solution produces anomalies at approximately
2.6 MHz and 9.5 MHz. Further investigation into these anomalies led the MBC
code author Tilston to update two subroutines within the program. In subsequent
evaluations with MBC and NEC the anomalies were no longer present[68].

Also of interest are the two “humps” around 7 MHz and 11 MHz. These frequen-
cies give indications of resonant modes when significant currents develop along the
rotors or airframe. Current flowing to the rotors is evident illustrated in Section 5.3.7
presenting the current distribution at 7.0 MHz.

The radiated power efficiency results, shown in Figure 5.16 reveal similar charac-

teristics.

rp eff,

freq

Figure 5.16: Radiated power efficiency results.

Next, the results of the “percent” Ej and sub Ej are shown in Figure 5.17.
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The impedance results are presented in Figures 5.18 and 5.19.
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Figure 5.19: Impedance magnitude.

The results of the two codes match very closely in the band from 2.0 MHz to

around 7.0 MHz and then between 22.0 MHz and 30.0 MHz, with very little difference

between the two sets of results. The rest of the sweeps display an apparent frequency

shift, but the trends and levels of the results are similar.

The resonant peaks in the power plots for the two sets of results are shifted

approximately 1.5MHz from each other. Similarly, the impedance curves illustrate
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a similar shift, though the MBC curve experiences some oscillation around 10 MHz.
The impedance curves also highlight one of the concerns which prompted this study,
namely the negative resistance calculated by the NEC code in the frequency range
between 17 and 21 MHz. The negative impedance is a known problem occurring with

NEC and requires further segmentation around the source of the antenna.
Radiation Pattern

The following section contains the comparison of the radiation patterns generated
by the two codes. Several frequencies are presented to illustrate the similarities and
differences in the patterns throughout the frequency sweep.

As the results of the frequency sweep have shown, the results at the lower frequen-
cies match very well. The radiation pattern for the frequency of 7.0 MHz. shown in
Figure 5.20, confirms this as well demonstrating the near perfect match between the
two solutions.

[f we now examine a higher frequency, we can notice a substantial difference

between each of the patterns. A frequency of 20.0 MHz is presented in Figure 5.21.
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Figure 5.21: Roll, pitch and yaw plane Ej and E, radiation patterns for 20.0 MHz,

with NEC (-0-) and MBC (- -).
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Current Distribution

As was the case with the previous results, the current distributions for the lower
frequencies are very similar, as demonstrated by the results at a frequency of 7.0 MHz

shown in Figure 5.22.
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Figure 5.22: Current distribution of NEC (left) and MBC (right) results at 7.0 MHz.

As mentioned in Section 5.3.7 which illustrated a “hump” in the radiated power
at 7 MHz indicating a resonant mode, this figure shows a high current flowing along
the rotor blades. The rotor shaft is greatly illuminated (i.e. red) since all the current

flowing to the rotor blades must pass through this path.
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Figure 5.23: Current distribution of NEC (left)and MBC (right) results at 20.0 MHz.
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The current distributions for the results at the higher frequency of 20 MHz are
presented in Figure 5.23. Again the current distributions are very similar with similar
behaviour appearing along the tail section as well as the current flowing near the
antenna source at the base of the cabin.

However, when we examine the frequency sweep where one of the anomalies in
the radiated power had occurred (refer to Section 5.3.7), such as around 2.6 MHz,
a curious result is observed. The current distribution of the MBC results shows a
very high current circulating in the tail section, a trait not shared in the NEC result.

These results are presented in Figure 5.24.
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Figure 5.24: Current distribution of NEC (left) and MBC (right) results at 2.6 MHz.

What is curious about this result is that one of the factors that initiated this study
was the phenomena of circulating currents being produced by the NEC code. This
is visible in the triangular tail section near the rear rotor of the model, but does not
appear to be as prevalent as the large loop current revealed in the MBC result.

This loop current was subsequently attributed to a problem in the implementation
of two subroutines in the MBC code which were discovered as a result of further

research into this anomaly([68).



Chapter 6

Conclusion

This thesis contains a comparison of electromagnetic problems using various solu-
tion techniques. The examination of some of the existing wire-grid modelling guide-
lines were explored as well as attempting to provide a guide to how close we may
approach the “object under test” to vield reliable results.

The near field results obtained from a patch model are smoother than those of
a wire grid model with the same segmentation size. [t was observed however that
good results can be obtained provided that the field points are g/h = 2.5 on the lit
side, and g/h = 1.25 on the shadow side. Field points closer to the surface resulted
in very similar anomalies, in both position and amplitude, in NEC and MBC. This
result is interesting since their implementations are so different. NEC uses a sine and
cosine basis function and point matching, while MBC uses piece-wise sinusoids and
Galerkin’s method.

Examination showed that the same surface rule in the plate and sphere near field
demonstrated the best results most of the time. It worked for the tangential electric
field of the plate and sphere as well as the normal field of the sphere, but not for the
normal electric field on the plate. It was also observed that the normal electric field
was less sensitive to violations of the same surface rule.

The far field tests for the plate and the sphere demonstrated that there was very

little perceivable difference between the NEC and MBC results. The results of the
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antenna mounted on the sphere resulted in excellent agreement with respect to the
exact solution until the frequency became too high for the wire segment size. As the
wavelength increases, the resulting radiation pattern resembles a small antenna over
a ground plane with a bit of distortion due to the shape of the sphere.

The comparison of the helicopter model with the two different moment method
code implementations produced results with good agreement, in general. Some inter-
esting aspects surfaced including a frequency shifted peak in the radiated power, as
well as some apparent glitches in the MBC impedance results arising from circulating
currents in the tail section though subsequent research found the problem related to
a code implementation problem. Further research into this topic could include per-
forming measurements on a scale model or actual aircraft to allow a true evaluation
of the results. This would be valuable since it could validate the results and provide

a benchmark solution similar to that developed for the sphere comparisons.
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Appendix A

Related ACES Journal Paper and
Errata

This Appendix contains a copy of the report “Moment Method Surface Patch and
Wire Grid Accuracy in the Computation of Near Fields” written by R. Paknys and
L. R. Raschkowan, and published in the Applied Computational Electromagnetics
Society Journal in November 1997.

The following errors were included in the original publication and are addressed
in this section.

On page 17, the middle sentence of Section 2-A should have stated:
Fig. 2 show the tangential field F, and the normal field E. at z = +0.04.

On page 18, the middle sentence of Section 2-B should have stated:
An increased grid size of g = 0.25 m at 300 MHz was also tried, and anomalies of
comparable magnitude were obtained at z = 0.1 on the lit side and z = —0.2 on the
shadow side.

On page 21, the last sentence of Section 3 should have stated:

The frequency was chosen as 5.12 MHz so that ka = 1.6 and g = 0.1).
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Moment Method Surface Patch
and Wire Grid Accuracy
in the Computation of Near Fields

Robert Paknys and Leslie R. Raschkowan

Department of Electrical and Computer Engineering
Concordia University, Montreal, PQ, Canada H3G-1M8
E-mail: paknys@ece.concordia.ca

Abstrect—The accuracy of surface patch and wire
grid moment method models for the computation
of near fields is investigated. A sphere and a flat
plate with plane wave illumination are examined.

It is found that wire grids exhibit stronger
near field anomalies than surface patches, which
have the current more distributed over the sur-
face. Nevertheless, good results can be obtained
with a wire grid, provided that a small distance
from the wire grid surface is maintained.

The surface patch results are obtained using
the Junction code. Wire grid results are obtained
with both the MBC and NEC codes. Validation for
the sphere is by comparison with an exact solu-
tion, and validation for the plate is by compari-
son with a high frequency UTD solution obtained
from the NECBSC code.

1 Introduction

The near field close to the surface of 2 complex shape
is of great interest in antenpas and electromagnetic
compatibility. For example, the radiation character-
istics of an aircraft antenna are distorted by the fuse-
lage on which the antennas are mounted. Anot ser
example is in the assessment of electromagnetic haz-
ards to personnel and equipment on the deck of a
ship, in the presence of strong RF and microwave
sources.

The method of moments is a suitable methodol-
ogy for the calculation of fields scattered by bodies
of resonant size and smaller. Numerous codes exist,
and assessment of their accuracy for the computa-
tion of electromagnetic fields has been a topic of on-
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going research for many years. Historically, wire grid
models were the first methodology which permitted
moment method modeling of scattering by complex
shapes. Richmond’s Thin Wire code [1] was a pi-
oneering effort in this direction. His code was later
extended significantly by Tilston and Balmain as the
Multiredius Bridge Current MBC code (2]. The Nu-
merical Electromagnetic Code NEC was developed
by Burke et al. {3]. The development of surface
patch codes such as Patch by Rao et al. {4], Junc-
tion by Hwu et al. (3], the Electromagnetic Surface
Patch Code ESP, by Newman [6], and others, have
further expanded the applicability of the moment
method.

For smooth bodies without sharp edges, surface
patches can accurately model the surface current.
On the other hand, wire grids can also be useful, as
an edge current can be more accurately handled by a
wire than a patch. A patch cannot represent the cur-
rent at the patch edge, so a separate “edge mode” is
required. Inclusion of edge modes have been shown
to enhance the accuracy (7], though their incorpora-
tion into a general purpose code is not straightfor-
ward. Another reason for using wires is that if open
bodies are modeled with NEC, we must use a wire
grid model, as its MFIE based patch model is only
appropriate for closed bodies.

Although much work has been done on the val-
idation of wire grids and patches for far field cal-
culations, investigations into the near field are rel-
atively scarce. Ludwig (8] examined a 2-D TM po-
larized wire grid model of a cylinder and found that



though the tangential field is not accurate between
the wires, the far feld is accurate, provided that the
“same surface rule” is met, i.e. that the total surface
area of the wires equals the surface area of the true
surface being modeled. Later, Paknys [9] extended
Ludwig’s work and demonstrated that the same sur-
face rule is also optimum for the near field of a 2-D
TM cylinder. Other work has examined the use of
surface patches in near field computations. Yang et
al [10] examined a 2-D cylinder and demonstrated
the equivalence of pulse basis patch curreats and
filamentary wire currents, provided that the same
surface rule is used. Kashyap and Louie [11] com-
pared the surface currents of plates made of either
wire grids or patches, and found that the edge wires
have to be made thinner to obtain agreement with
a patch model Burton et al [12] also used a patch
model to study near fields. They constructed a suf-
ficiently detailed model that enabled one to examine
the leakage through gaps in a door on a closed box.
Kemptner [13] computed the near fields of a metal-
lic cube and an airplane, using a patch formulaton.
His results for a cube agreed well with the measured
surface current and electric field.

" This paper is an investigation into the accuracy
of near zone tangential and normal electric fields for
3-D bodies, as computed from surface patch and wire
grid models. A square plate and a sphere with plane
wave illumination are used as test cases. The accu-
racy of the patch models are compared to a UTD
solution for the plate, and an exact solution for the
sphere. For the wire grid models, the same surface
rule and the extent of near field anomalies are inves-
tigated.

Section 2 examines the near fields of the plate.
Section 3 examines the near fields of the sphere. Sec-
tion 4 compares two different moment method wire
codes, MBC and NEC. Section 5 contains the con-
clusions.

2 Near Field of the Plate

The square plate is 1 x 1 m in size and lies in the
z —y plane with the origin at the center of the plate.
A wire grid model that has a grid size g =0.1 m is
shown in Fig. 1. The wire radius is a,; =0.0145 m, in
accordance with the same surface rule. The surface
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Figure 1: Wire grid model for the 1 x 1 m plate. An
% polarized plane wave of 1 V/m is normally incident
from above. The field point is in the y = 0 plane.

patch model is similar, except that each square area
is divided into two triangular patches.

_ The incident field on the plate is a plane wave
with an amplitude of 1 V/m, polarized in the £ di-
rection and traveling in the —z direction, i.e. £"¢ =
£e/**_ The field point is in the y = 0 plane. The near
field was calculated for several cases, and the total
field £ = E™n¢+ Fseatt wag plotted, using a reference
level of 0 dB = 1 V/m. Unless otherwise specified,
the frequency is 300 MHz so that ¢ = 0.1\,

A. Junction and UTD Models for the Plate

The scattering by a plate does not have an exact so-
lution, so results from the UTD based BSC code [14]
were compared with the Junction MM patch code,
to establish confidence in the patch model. Fig. 2
shows the tangential field E; and the normal field
E: at z§ = £0.04." The agreement is within 1.2 dB
for E for all values of z along the plate. The agree-
ment is also within 1.2 dB for E; near the plate, but
gets worse beyond the plate edges where [z] > 0.5.
The reason for this is unknown, but it is speculated
that further improvements could be obtained by the
inclusion of multiple diffraction effects in the UTD

Y{E.| is the same on both sides of the plate so z < 0 is not

shown. _ . = °O
\590, é to.94
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(b)

Figure 2: Comparison of UTD (—) and Junction
(000) for the plate, with patch size g = 0.1\ (2)
Ez, z/g = £0.4 (b) E;, z/g = 0.4 The field point
is in the y = 0 plane.

18

105

model, and possibly reduced patch size in the patch
model. We chose Junction for the subsequent plate
model validations.

B. Eztent of the Near Field Anomalies

The near field of the wire grid plate was calculated
with NEC and compared to Junction. A frequency
of 300 MHz and g = 0.1\ was used. Fig. 3 shows
the near field at a distance of z/g = +0.4 and z/g=
%£0.8. At z/g = 0.4, the anomalies in E: and E.
are of comparable magnitude. For E., the onset of
anomalies occurs at about z/g = 0.4 on the lit side,
and z/g = —0.8 on the shadow side. An increased
gridsizeofg=0.25mat300MszasaJsotried,
and anomalies of comparable magnitude were ob-
tained at z = 0.1 on the lit side and z = -02
on the shadow side. This suggests that the onset
of anomalies for flat plate structures occurs when
z/g = 0.4 on the lit side, and [2]/g = 0.8 on the
shadow side.

The results in Fig. 3 show that for a given ob-
server height, the wire grid results are not as smooth
as those obtained in Fig. 2 using Junction. It was X
found that anomalies of comparable magnitude could
also be observed using Junction, but only for field
points much closer to the surface.

C. Test of the Same Surface Rule

It is widely accepted that the same surface rule gives
the best result for the field radiated by a wire grid
model. To test this assertion, NEC was used to
compute the near field for several wire radii, and
compared to Junction. The frequency was 300 MHz
with g = 0.1A. The field points were chosen as close
as possible to the plate, but not so close that the
anomalies might obscure the results.

Figs. 4a, b show the tangential field E; at z/g =
+0.8 and Fig. 4c the normal field E; at z/g = 0.8.
It is interesting to note that the same surface rule
gives the best result for E; but not for E.. Hence,
it is not possible to choose a wire radius that is si-
multanecusly optimum for both the tangential and
normal field components. It is also noted that E; is
more sensitive to the wire radius than E..

Fig. 4 also shows that E on the shadow side is
more sensitive to wire radius changes than on the
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Figure 3: Near field of the plate with grid size ¢ = 0.1A\. Comparison of NEC wire grid (000) and Junction
surface patches (—). (a) E:, z/g = £0.4 (b) Ez, z/g = =0.8 (c) E;, z/g =04 (d) E., z/g = 0.8. The
field point is in the y =0 plane.
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Figure 4: Effect of wire radius on the near field of the plate, with grid size ¢ = 0.1\. The wire radius
that satisfies the same surface rule is a,,;=0.0145 m. Using NEC, with ay (000), @w/2 (+++), 2a, (o).
Comparison is with Junction (—). (a) Ex, z/g = 0.8 (b) Ez, 2/9 =—0.8 (c) E:, z/g = 0.8. The feld point
is in the y =0 plane.
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lit side. This is probably because the accuracy of
Eseatt o the shadow side is more critical, as E*=*
must cancel E™¢ in order to accurately predict the
low feld level on the shadow side of the plate. E%=%
was examined separately, and was found to be much
less sensitive to wire radius changes than the total
field E™¢ + E3cott,

A higher frequency of 750 MHz was also tried.
The corresponding grid size in this case is 0.25A. The
results were still good, with typical errors of 2 dB or
less. The sensitivity with respect to wire radius was
increased for Fz, in the shadow. The sensitivity of
E; remained relatively weak.

D. Field Between the Wires

The previous results were taken along y = 0, which
happens to be above a wire. To see what happens in
other situations, a contour plot in the z—y plane was
generated, from which some qualitative observations
could be made. Also, to obtain a quantitative com-
parison, a cut along y = g/2, which is in between the
wires, was used. The heights used were the same as
before, i.e. z/g = £0.4 and z/g = +0.8.

It was found that very little changed with re-
spect to the peak to pezk amplitude of the near
field anomalies. The average field level changed only
slightly. By comparing the y =0 and y = g/2 cases
it was found that with y = g/2, E; increased by
0.7 dB, and E. decreased by 1.3 dB. This seems cor-
rect, as the wire tends to short out E: and support
the surface charge that is associated with E..

3 Near Field of the Sphere

The wire grid sphere is shown in Fig. 5. The surface
patch model is similar, except that each quadrilat-
eral area is divided into two triangular patches. The
sphere is centered at the origin, and its radius is
a = 15 m. The wire spacing is A8 = A¢ = =/8.
At the equator the grid size is ¢ = 5.853 m and the
wire radius is @,, = 0.9128 m. Near the poles the
grid size is smaller and the wire radii are adjusted in
accordance with the same surface rule.

The incident field is a plane wave with an am-
plitude of 1 V/m, polarized in the % direction and
traveling in the +z direction. It is given by £™¢ =
§e~7%=_ In all cases the total field £ = E*nc 4 Ecait
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Figure 5: Wire grid model for the sphere. The ra-
dius is 15 m. A § polarized plane wave of 1 V/m is
incident, travelling along +x. The field point is at
a height h above the surface, at the equator where
8 =90° and 0 < ¢ < 360°.

is plotted, using a reference 6f0dB =1 V/m. The
field point is at a height h above the surface, at the
equator where § = 90° and 0 < ¢ < 360°. The fre-
quency was chosen as 12.8 MHz so that ka =1.6 and
g=0.1A.

A. Junction and Ezact Solution for the Sphere

The Junction surface patch model of the sphere was
evaluated by comparison with an exact solution ob-
tained from an eigenfunction series [15]. The field
was calculated at a height of A = 2.3¢ m off the
surface, so that h/g = 0.4. The agreement was so
close as to be almost indistinguishable, suggesting
that Junction is highly suitable for the computation
of the near field of 2 smooth body. As a reference so-
lution, the eigenfunction series was used in the sub-
sequent validations.

B. Eztent of the Near Field Anomalies

The field was calculated with NEC, at heights of
h = 234 m and 4.68 m off the surface, so that
h/g = 0.4 and 0.8, respectively. Fig. 6 shows that
for h/g = 0.4, on the lit side, the anomalies in £y
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Figure 6: Near field of the sphere, grid size ¢ = 0.1A. Comparison of NEC wire grid (0oo) and exact
solution (—). (a) By, h/g =0.4 (b) Ey, h/9g =0.8 (c) Er, R/g = 0.4 and 0.8.
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and E, are of comparable magnitude. For E,, the
onset of anomalies occurs at about 2/g = 0.4 on the
lit side, and 2/g = —0.8 on the shadow side. Similar
behavior was noted for the plate, so these aspects
appear to be independent of the precise shape of the
scattering body.

A higher frequency was also tried. Using ka = 4
and g = 0.25A, excellent agreement with the exact
solution was observed, and we found that /g > 0.8
was still a good criterion for avoiding anomalies.

C. Test of the Same Surface Rule

The field was calculated with NEC at a height of
h = 468 m off the surface, so that /g = 0.8. In
Fig. 7 we see that the same surface rule gives the
best result for both £y and E,.. The cases of too
thick wires (2a,;) and too thin wires (a,;/2) straddle
the exact result. (The case using the same surface
rule was not plotted, as it is indistinguishable from
the exact solution.) This is unlike the plate, where
. the same surface rule worked for the tangential field,
but not for the normal field.

The tangential E for the sphere was much less
sensitive to wire radius changes than the plate. This
is not because of the shape, but because the field in
the shadow of the plate is much lower. As already
mentioned in Section 2 C, errors in the scattered field
are more evident when the incident and scattered
fields are supposed to be cancelling.

The internal field of a closed body is known to
be a sensitive indicator of the quality of a moment
method solution, as cancellation of the incident field
must take place inside the scatterer. This was not
explored here, as there is no corresponding test that
can be used for the plate.

A higher frequency using kg = 4 and g = 0.25)
was also tried. It was found that the sensitivity
with respect to wire radius of E, was increased on
the shadow side, and hardly affected on the lit side.
The seasitivity of £, remained relatively weak. Even
at this higher frequency, the results remained good,
with errors on the order of 1 dB or less when the
same surface rule was obeyed.
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Figure 7: Effect of wire radius on the near field of
the sphere, with grid size ¢ = 0.1X and h/g = 0.8.
The wire radius that satisfies the same surface rule
is 2,=0.9128 m. Using NEC with a;/2 (+++), 28,
(). Comparison is with exact solution (—). (a)
E, (b) E,.



4 Comparison of NEC and MBC

The NEC and MBC wire codes were used to compute
the near field of the sphere at #/g = 0.4. Fig. 8 shows
that the positions and amplitudes of the anomalies
are very similar. This is noteworthy, as the two
codes are quite different, i.e. NEC uses sine and
cosine basis functions with point matching, whereas
MBC uses piecewise sinusoids and Galerkin’s method.
Other tests using MBC revealed that the extent of
near field anomalies and the dependence on wire ra-
dius were very similar to NEC. Hence, the comments
made in previous sections with regard to the NEC
wire grid models would seem to apply to MBC as
well. The square plate was also tried, and similar
near field behavior was found using both codes.

5 Conclusion

The near field of a surface patch model is smoother
than for a wire grid with the same segmentation size.
Nevertheless, a wire grid was found to give good re-
sults when the observer is a small distance k off the
surface, provided that A/g > 0.4 on the lit side, and
k/g > 0.8 on the shadow side. This was found to
be true for both the plate and the sphere, and was
tested for several grid sizes and frequencies.

Use of the same surface rule gives the best result
for the near fields most of the time but not all of the
time. It worked for the tangential E for the plate
and spbere, for the normal E on the sphere, but not
for the normal E on the plate.

The tangential £ was more sensitive than the
normal E with respect to wire radius, and the great-
est errors occured in the tangential component whea
the same surface rule was violated. The greatest
sensitivity occured with the field point in the deep
shadow, where the incident and scattered fields are
supposed to cancel On the lit side, the effect of
changing the wire radius was much smaller.

The type of MM formulation used in the wire
codes was not a major factor, as similar results were
obtained from the NEC code and MBC code.
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Figure 8: Comparison of NEC (—) and MBC (000’
for the sphere, with grid size g = 0.1A and k/g = 0.2.
(2) E, (b) E..
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Appendix B

NEC input file format

This Appendix contains a NEC input file for a 1 x 1 metre plate.
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2222222229207 3RRR382%

REVISED NEC INPUT FILE CREATED WITH PROGRAM FNDRAD

NAME OF NEC INPUT FILE:Plate.gw

DATE:1l-Nov-98

THE WIRE RADII IN THIS FILE WERE CALCULATED WITH PROGRAM FNDRAD

11 -0.500
2 1 -0.500
3 1 -0.500
4 1 -0.500
5 1 -0.250
6 1 -0.250
71 -0.250
8 1 -0.250
9 1 0.000
10 1 0.000
111 0.000
12 1 0.000
131 0.250
14 1 0.250
151 0.250
16 1 0.250
17 1 0.500
18 1 0.500
13 1 0.500
2001 0.500
21 1 -0.500
22 1 -0.250
23 1 0.000
24 1 0.250
25 1 -0.500
26 1 -0.250
27 1 0.000
28 1 0.250
29 1 -0.500
30 1 -0.250
31 1 0.000
321 0.250
33 1 -0.500
34 1 -0.250
35 1 0.000
36 1 0.250
37 1 -0.500
38 1 -0.250
39 1 0.000
40 1 0.250
01 3.000
0 4001 1.0
0 200 1 1
0 201 1

-0.5000
-0.2500
0.0000
0.2500
-0.5000
-0.2500
0.0000
0.2500
-0.5000
-0.2500
0.0000
0.2500
-0.5000
-0.2500
0.0000
0.2500
-0.5000
-0.2500
0.0000
0.2500
-0.5000
-0.5000
-0.5000
-0.5000
-0.2500
-0.2500
-0.2500
-0.2500
0.0000
06.0000
0.0000
0.0000
0.2500
0.2500
0.2500
0.2500
0.5000
0.5000
0.5000
0.5000

0.0

-1. 0.
-1. 0.

0.00 -0.
0.00 -0.
0.00 -0.
0.00 -0.
0.00 -0.
0.00 -0.
0.00 -0.
0.00 -0.
0.00 oO.
0.00 0.
.00 0.
.00 o.
.00 o.
.00 0.
.00 0.
.00 0.
.00 o.
.00 0.
.00 o.
.00 0.
.00 -0.
.00 o.
.00 0.
.00 0.
.00 -0.
.00
.00
.00
.00
.00
.00
.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

OCO0O0O0O000CO0OOOOLOOO0OOOOOOO

]
CO0O0OO00DOO0OOCOCOO0OO

0.04 0.
0.04 0.

500
500
500
500
250
250
250
250
000
000
000
000
250
250
250
250
500
500
500
500
250
000
250
500
250

.000
.250
.500
.250
.000
.250
.500
.250
.000
.250
.500
.250
.000
.250
.500

-0.
0.
0.
Q.

-0.
0.
0.
0.

-0.
0.
0.
0.

-0.
0.
0.
0.

-0.
Q.
0.
0.

-0.

-0.

-0.

-0.

-0.

-0.

-0.

-0.

-0000

.0000

.goo00

.0000

.2500

.2500

.2500

.2500

.5000

.5000

.5000

.5000

CO0O0O00OO0OOOOO

2500
0000
2500
5000
2500
0000
2500
5000
2500
0000
2500
5000
2500
0000
2500
5000
2500
0000
2500
5000
5000
5000
5000
5000
2500
2500
2500
2500

01 0. 0.
01 0. 0.

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
c.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.03183
0.03183
0.03183
0.03183
0.03183
0.03183
0.03183
0.03183
0.03183
0.03183
0.03183
0.03183
0.03183
0.03183
0.03183
0.03183
0.03183
0.03183
0.03183
0.03183
0.03183
0.03183
0.03183
0.03183
0.03183
0.03183
0.03183
.03183
.03183
.03183
.03183
.03183
.03183
.03183
.03183
.03183
.03183
.03183
.03183
.03183

CO0O0OO0CO0COO0OOOO0O



Appendix C

MBC input file format

This Appendix contains a MBC input file for a 1 x 1 metre plate.



mbc code 1990

/ MBC data for grid = 0.1l*lambda/
/ pata for g/h=1.25 (0.2m), 2.5(0.1m), and S5(0.05m)/

-1 1.00 0.
0.03183 -1.00eé
000. O.
300.e6 1 0.
40 25

0o o

0

0 0 0
201

0 0 o0
0.,0.,0.,0.
0

SEGN

0.

epsilon=1.00 (medium is air)
wire radius (m), conductivity (S/m)
wire insulation parameters

frequency (in Hz), no. of freq, freq inc.

NM=no. of monopoles, NP=no. of points
NGEN=0 for pw inc
LEFL = no of lumped loads

output flags: impedance, rad. power, etc.

No of near field points
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COOR
-.5000
-.5000
-.5000
-.5000
-.5000
-.2500

.2500

.2500

.2500

.2500

0.000

0.000

0.000

0.000

0.000
0.2500
0.2500
0.2500
0.2500
0.2500
0.5000
0.5000
0.5000
0.5000
0.5000

SRC

3

0. 0. 0.

NPAT

201 11 -1.

XEND

/7

-.5000 0.000
-.2500 0.000
0.000 0.000
0.2500 0.000
0.5000 0.000
-.5000 0.000
-.2500 0.000
0.000 0.000
0.2500 0.000
0.5000 0.000
-.5000 0.000
-.2500 0.000
0.000 0.0600
0.2500 0.000
0.5000 0.000
-.5000 0.000
-.2500 0.000
0.000 0.000
0.2500 0.000
0.5000 0.000
-.5000 0.000
-.2500 0.000
0.000 ¢.000
0.2500 0.000
0.5000 0.000
0. -0.08 0.01 0.

0.

;plane wave incident
;pwi: theta phi pol

#x,#y,#z,x1,yl,2zl,dx,dy,.dz



Appendix D

Junction input file format

This Appendix contains a Junction input file for a 1 x 1 metre plate.
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|
[

S

-.5000
-.2500
0.000
0.2500
0.5000
-.5000
-.25900
0.000
0.2500
0.5000
-.5000
-.2500
0.000
0.2500
0.5000
-.5000
-.2500
0.000
0.2500
0.5000
-.5000
-.2500
0.000
0.2500
0.5000

.000
.000
.Qo00
.000
.000
.000
.000
.000
.000
.000
0.000

0.000

0.000

0.000

0.000

.000
.000

[==ReojoloRoloNoNoNe]

.000
.000
.000
.000
.000
.000
.000

[eNoNoRoNoloNoloNoNo]

119



37 5 10
38 10 15
39 15 20
40 20 25
41 1 7
42 2 8
43 3 9
44 4 10
45 6 12
46 7 13
47 8 14
48 9 15
49 11 17
50 12 18
51 13 19
52 14 20
53 16 22
54 17 23
55 18 24
56 19 25
0
0
2
1.00000
1.00000 1.00000 1.00000
2.0Q0000 2.00000 2.00000
1
P

0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00-0.26525E-02 0.00000E+00
3.00000E+08
-1.00000





