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ABSTRACT

GAUSSIAN BEAM SCATTERING FROM
A DETERMINISTIC ROUGH METAL SURFACE

by
Qi Wang

A full-wave theory of plane wave scattering from rough surfaces called the Correction
Current (CC) method was recently developed for the two-dimensional scatter problem
that have a one-dimensional roughness profile. The method involves a primary field and
radiation modes that are plane-wave-type fields that satisfy the boundary conditions at the
rough surface. These fields do not satisfy Maxwell’s source free equations, but they are
forced to satisfy Maxwell’s equations with distributed sources upon the introduction of
fictitious volume currents distributions which correct for the field errors. Additionally,
current sheet distributions are introduced which generate a radiation modal field that
satisfies the boundary conditions, the radiation condition for plane waves, and Maxwell’s
equations with distributed sources. The scatter problem is solved by eliminating these
volume and sheet current densities in an iterative procedure which produces a composite
field that satisfies all requirements. Reciprocity is satisfied by using only the first-order
field solution. The first-order solution of the CC method reduces to the small perturbation
and the Kirchhoff methods in the regions of validity and is more accurate than these
methods in regions where neither are considered valid. This paper extends the CC method
to the more general and important case of beam wave scattering by a deterministic rough

metal surface.
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CHAPTER 1

INTRODUCTION

Since all real surfaces are rough, there is considerable interest among researchers to
understand how rough surfaces affect the scattering of incident waves. Advancement in
this area of research is useful in many fields, such as cellular communication, optics, radar
targeting and detection, medical imaging, antenna design, and radio astronomy. Scattering
plays an important role in situations involving high frequency waves, where the size of
surface perturbations is a certain fraction of the wavelength of the incident wave.
Scattering depends not only on the relationship between wavelength and surface variations,
but also on the angle of incidence, the polarization of the incident wave, and the electric
properties of the surface. In scattering experiments, the incident field is a beam wave that is
excited by an antenna or a laser. Theoretical studies of scattering, however, often assume
an incident plane wave to simplify the analysis. This was done in [1-2] in the development
of the full wave solution called the Correction Current (CC) method for plane wave
scattering from rough metal and dielectric surfaces'. The CC method as developed for
plane wave rough surface scattering in [1] was shown to provide a first-order solution that
satisfies reciprocity and bridges the gap between the small perturbation and Kirchhoff
theories, to furnish error criteria to determine its range of validity, and to be
mathematically rigorous and physically clear. Refer to [1] for comparisons and references
concerning several other methods for rough surface scattering, such as the Rayleigh or

small-perturbation method, the Kirchhoff or physical optics approximation, the full-wave

1 In [1], the CC theory was applied to deterministic rough surface with a well defined roughness profile as well as to
random rough surfaces that have Gaussian statistics such that end effects due to the finite width of the rough surface
corrugations are negligible.



solutions of Bahar and Thorsos’s method of moment/integral equation approach. In this
dissertation, the CC method is extended to beam wave scattering from a deterministic
rough metal surface.

Chapter 2 reviews Gaussian beams and their properties. The full wave theory for
rough surface scattering, known as the Correction Current (CC) method, is then developed
for scattering of an incident Gaussian beam from a perfectly conducting infinite plate with
finite rough surface segment (PEC). The scatter geometry is two dimensional and the
scatter profile depends on one variable. The electric field of the incident beam wave is

derived for the two dimension coordinate system (x,z). The first-order scatter pattern

formula is derived from knowledge of the scatter pattern formula for an incident plane
wave since the beam wave is represented by a superposition of plane waves. A
conservation of power criterion is presented and an approximate formula for the CC beam
wave scatter pattern is also derived.

Chapter 3 reviews the well-known numerical method used to solve a variety of
electromagnetic problems called the Method of Moment (MOM). This numerical method
is used as the reference solution for comparison to the CC method. The MOM solution is
developed for scattering from the perfectly conducting plate with a finite rough surface
segment using image theory. The numerical procedure is illustrated for scattering from a
single bump on an infinite planar perfect conductor.

Chapter 4 presents the definition of the normalized power scatter pattern and
numerical results using the CC method and the Method of Moments.

Finally, conclusions and possible extensions are discussed in Chapter 5.



CHAPTER 2

FORMULATION AND SOLUTION OF BEAM WAVE SCATTER PROBLEM
BY USE OF THE CC METHOD

The scatter problem under consideration is shown in Figure 2.1. The geometry and all the
field quantities are two dimensional and are independent of the y-coordinate variable. The

reference two-dimensional coordinate system is (x,z). A perfectly conducting metal

surface lies along the z-axis that has a one-dimensional sinusoidal roughness profile

D(z) =D, {1—sin2 (%ﬂéﬂ in the region |z|< L, but is planar (D =0) over the region

|z| > L, where N, isthe number of bumps. Above the metal surface is air. At z=+L , the

surface height D(z) and the surface slope D’ =dD /dz are continuous.

The aperture antenna shown in the Figure 2.1 is the source of the incident beam

radiation. The antenna’s main beam axis points toward the origin of the (X, z) coordinate
system in the direction ¢, measured positive from the positive x-axis. The origin of the
primed coordinates (x',z") is located in the antenna’s aperture plane x'=0 at the phase
center of the antenna at the point (X,,Z,), a distance p, from the origin of the reference
coordinate system (x,z) . From the geometry of Figure 2.1, X, = p,c0s¢, >0 and

Z,=—p,Sing, <0.
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Figure 2.1 Rough PEC surface illuminated by a Gaussian beam due to an aperture antenna.
Rays eminating from the antenna represent the spectrum of plane waves of the beam.

2.1 Incident Plane Wave
Before expressions for the incident Gaussian Beam are introduced, it is convenient to first
describe an incident plane wave. This is needed because the Gaussian beam is expressed as
a superposition or angular spectrum of plane waves.
Consider the TE polarized incident plane wave in air that propagates in the wave

vector direction k' atanangle & measured positive from the positive x'-axis as shown in

Figure 2.2. This plane wave is written as

Ei,PL — yE;,,PL (XI’ 7 I) — S‘/Eoie*jki.r ’ (2.1)
z' A X

E;,,PL

o<~ ———— %
L ON\g T
| A
| X
| S
% 0 'z

Figure 2.2 Plane wave in direction k' .



where the incident wave vector and the position vector measured from the antenna’s phase

center are given by, respectively,
K'=k, & +k, 2, r=x%'+27", (2.1a)
with wave vector components
K, =k, cosa (2.1b)
k, =k,sine. (2.1c)
Substituting (2.1b) and (2.1c) into (2.1) gives
E,™(x',2') = Eje fobeoserzenal, (2.2)
The incident plane wave formula (2.2) needs to be expressed in terms of the reference
coordinates (x,z). To do this, it is convenient to first introduce the rotated coordinates

(X,2), which are defined in Figure 2.3 and given by the coordinate transformations

X'=p,—X, z'=1Z. Substituting these transformations into equation (2.2) gives

B} (%, 2) = Eyle Follnmomarzane] (23)
X
A
ZI
X' Po = )N(o 7
@
X ]
Air
. > 7
0=0

Figure 2.3 Coordinate systems (X,z), (X,2Z) and (x',z").



As shown in Figure 2.3, the (X, Z) coordinates are related to the (X, z) coordinates via

the coordinate transformations

X = XC€0S @, —zSsin
) - ¢0 ¢0 (2.4)
Z=Xsing, +zcos g,
Substituting (2.4) into (2.3) gives, after using trigonometry,
E;PL (X, Z) — Eoie—jkop0 cosgejkOXCOS(aJr(pO)efjkozsin(aJr(po) ) (25)

Equation (2.5) is a TE polarized electric field plane wave that propagates in the
angular direction o measured positive from the positive X' -axis or, equivalently,

propagates in the angular direction (« +¢,) measured positive from the positive x-axis.

Cosa

This incident plane wave field has an amplitude E,'e "***“ at the origin of the (x,2)

coordinate system.

2.2 Incident Gaussian Beam

2.2.1 Gaussian Beam

In optics, a Gaussian beam is a beam of electromagnetic radiation whose transverse electric
field and intensity distributions are well approximated by Gaussian functions. In this
section, it will be assumed that a Gaussian beam propagates in the z direction in the

cylindrical coordinate system (p,¢,z)? so that it is rotationally symmetry and, therefore,
independent of the polar angle ¢. A mathematical expression for the complex electric

field amplitude of a Gaussian beam is [3]

2

ik L +i§(z)] (2.6)

— Wo P
E(p,z)=E, W) exp[w(z)2 ikz 2RQ)

2 The symbolic notation for coordinate and parameters used in this section is not consistent with Section 2.1.



where

W(z) = w, [1+ Zijr, (2.6a)
R(2) = z{u(%ﬂ , (2.6h)
{(2)=tan™ Zil , (2.6¢)

W, =w(0) = (%jm . (2.6d)

p is the radial distance from the center axis of the beam; Z is the axial distance from the
beam's narrowest point (the "waist"); k = 27/ is the wave number (in radians per meter);
E, =|E(0,0)|; 2, is known as the Rayleigh range; w(z) is the measure of the beam width;
W, is the beam waist; R(z) is the radius of curvature of the beam's wavefronts, and ¢(z) is
the Gouy phase shift.

The optical intensity |(p, z) :|E(p, z)|2 is a function of the axial and radial distance z

and p=(x*+y?)"?. For the Gaussian beam (2.6), intensity is given by

— Wo 2 _ 2p°
I(p,z)—lo[w(z)} exp{ WZ(Z)} (27)

where |, :|E0|2. At each value of Z, the intensity is a Gaussian function of the radial

distance p . This is why the wave is called a Gaussian beam. The Gaussian function has its
peak at p=0 (on the z-axis) and drops monotonically with increasing o . The width w(z)

of the Gaussian distribution increases with the axial distance zZ .



The total optical power P carried by the beam is the integral of the optical intensity

over a transverse plane at a specified distance Z . Thus,

P=[1(p.9270dp, (2.8)
0
which reduces to
1 2
P =5 I, (7w,?). (2.8a)

This result is independent of Z as expected since the medium is lossless. The ratio of the
power carried within a circle of radius p, in the transverse plane at position Z to the total

power is

%!I(p, Z)Zﬁpdpzl—exp{—%(lz)} (2.9)

The power contained within a circle of radius o, =W(z) is approximately 86% of the
total power. About 99% of the power is contained within a circle of radius 1.5w(z) . Since
86% of power is carried within a circle of radius w(z), w(z) is regarded as the beam

radius (also called the beam width).

The dependence of the beam radius on z is governed by (2.6a) ,

2 1/2
W(z) = w, [1+(Zi] ] . (2.6a)
1
The beam radius w(z) reaches its minimum value W, in the plane z =0 and is called the

beam waist, w, is also called the waist radius. The beam radius increases gradually with Z,



reaching «/Ewo at z=1z,, and continues increasing monotonically with Z . For z> z,, the

first term of (2.6a) may be neglected, resulting in the linear relation

w(z)z%z:eoz for z>7z,, (2.10)
1
2 1
where 6,=wW, /7, = (2.10a)

0

is a cone with half-angle &,. About 86% of the beam power is confined within this cone.
The beam divergence 6, is directly proportional to the ratio of wavelength 4 and the

beam-waist diameter 2w, . If the waist is squeezed, the beam diverges. To obtain a highly

directional beam, a short wavelength (high frequency) and fat beam waist should be used.

2.2.2 Incident Gaussian Beam as a Spectrum of Plane Waves
The aperture antenna in Figure 2.1 is assumed to produce a tangential y-directed® (TE
polarized) electric field that has a real Gaussian amplitude distribution® in the aperture

plane x'=0 at the antenna phase center as shown in Figure 2.4, which is given by

E;®(x'=0,2)=Ee /", (2.11)

E,°(x'=0,2")

N

-W, 0 W z

Figure 2.4 Gaussian amplitude distribution in the antenna aperture plane x'=0.

® The symbolic notation for coordinate and parameters used in this section and those to follow is consistent with Section
2.1.
* The Gaussian amplitude distribution is real because the antenna phase centre is located in the aperture plane.



The antenna aperture diameter 2w, is chosen such that the aperture illumination is

negligible at the aperture edges. Thus, the antenna aperture can be taken to be infinite in
extent for the determination of the field radiated by the antenna [4]. To extend the CC
method, which was developed for plane wave scattering from a rough metal surface, to
beam wave scattering, a representation of the incident Gaussian beam as a superposition of
plane waves is needed. Such a representation at an arbitrary point (x',z") in free space (air)

is given by the inverse Fourier transform

E;®(x'2)= j [E(k,)e Fx-Tk?]dk

—00

(2.12)

where E(k,.) are the amplitudes of the plane wave spectral components. The spectrum of
plane waves in (2.12) contain both propagating and evanescent plane waves since
k. = k.2 —k,? is real for k,? >k,? and negative imaginary for k;? <k, ?, where k, is the

free space wavenumber. Each plane wave constituent has a wave vector direction given by

k=k,X"+Kk,Z" and may be associated with a real angular direction of propagation « in

the range —77/2<a <7/2 as can be seen from Figure 2.2.
Since E;®(x'=0,2') = [[E(k,)e " Tdk, = E,e /" (2.13)

is the inverse Fourier transform of E(k,.), the spectral amplitude E(k,.) can be obtained

from the Fourier transform,

E(k,) = % [E,/(x'=0,2)¢ " Jdk, = EoW gcrmysa. (2.14)

7N

10



Substituting (2.14) into (2.12) gives
E° (X', 2) = o [gr /g (2.15)
2N 5,

Expressing the incident beam wave field in (2.15) in terms of (X, Z) coordinates in

Figure 2.3 usingX'= p,—X andz'=7 gives

E'®(%,2) = SOJ% - [o e omgn it (2.16)
T

where p, is the distance to the antenna phase center from the origin of the (X, Z) or (X, z)
coordinate system. Recall from equation (2.4) that the coordinates (X, Z) are related to the
coordinates (x,z) by rotation through the angle ¢,.

The spectrum of plane waves of the incident beam in (2.16) includes propagating and

evanescent plane waves. For p, sufficiently large, evanescent waves in (2.16) do not reach

the scatter surface and are neglected. In addition, plane waves that do not travel toward the
scatter surface are excluded. Hence, as can be seen from Figure 2.5, the allowable angular

plane wave directions « associated with the incident beam wave fall in the range
—n/2<a<ea,, where o, =7/2—@,. The angular direction «, is associated with the

direction of the plane wave that travels in the +z direction parallel to the x=0 plane and

constitutes the upper bound for incident waves that can strike the scatter surface; plane
waves in the range ¢, <a <7/2 cannot strike the metal scatterer.
Assuming that the incident beam is symmetric further restricts the plane wave

spectrum in (2.16) to angular directions ¢ that fall in the truncated range —a, <a <¢, .

This range of directional angles « corresponds to values of k, in the range

11



—k, cosg, <k, <k,cosg, since k, =k,sina . Thus, the incident Gaussian beam as

originally represented by the infinite spectrum of pane waves in equation (2.16) is now

represented by the truncated spectrum of plane waves given by

+k0cos o
J- “ ~(kywo/2)° +]kx‘(i—,00)e*jkz'zdk ‘ (2.17)

—kq cos gy

E,?(%2)=

\4
N

Figure 2.5 Directional angles « associated with the incident symmetric Gaussian beam.

Changing the integration variable in (2.17) from k,. to « using K, =k,sina and
k., =k, Ccosa yields

+(*f¢o)
E;,'B()’z, ~Z~) _ J' e k0w05|na/2) ejko(x po)cosae Jkozsmak cosada . (218)

(E*%)
Defining the amplitude function

—(kowp sin al2)?

A (a)= Koo e

N

cos« (2.19)

12



permits re-writing (2.18) as

+C-00)
2 . o Qo
E}°(%2)=E, [ Al tnlgtoringy, (2.20)

~(5-)

Thus, the electric field of TE polarized the incident beam as represented by (2.20) is a
symmetric, truncated spectrum of propagating plane waves with Gaussian amplitudes
E,A (). For this beam to be narrow, the Gaussian amplitude function A, () is assumed
to decay rapidly away from the main beam direction « =0. This means that at the

end-points of the truncated & -range, A(«) issmall, i.e.,

ii((g)) <1 for a =+a; :i(%—%)- (2.21)

Substituting (2.19) into (2.21) gives

KWy Sine

A _
A,(0)

j sing, <1 for a =+a; =J_r(%—goo). (2.22)

This condition for a narrow incident beam requires ¢, not too close to 7/2 and that
g (komcomi2)’ g (2.23)
For reasonable ¢, and W, >4, the condition (2.23) is very well satisfied.
The incident beam field Eiy'B in (2.20) is now expressed in terms of (X,z) coordinates

so that the first-order scatter field according to the CC method can be used. Consider (2.20)

written as

+(C-m)
2 . o -
E;,’B ()~(’ Z) _ Eo J‘ Ab(a)efjkopocow I:ejkoxcosa—Jkozsma:'da . (2.24)

—(g—%)

13



Using (2.4) in (2.24) gives

C-m)
2
E;®(x,2)=E, I A, (r)e Homesag loxcostonra)-ikozsinies ) oy (2.25)
-G
with Ab( ) _ kowosma/Z) CoScr. (225a)

ﬁ

Combining (2.25a) and (2.25) gives

(E*%
E;’B(X, Z) _ E k Wy J‘ kowosmalz e Jkopocosaejkoxcos((po+a) jkozsin(gp+a) COSada (226)

—(*—(ﬂo)

2.3 First-Order Gaussian Beam Scatter Field
It will now be shown how the CC first-order scatter field for the case of an incident plane
wave is used to obtain the CC first-order scatter field for an incident beam wave.
The first-order scatter far field formula for plane wave scattering from an infinite
perfectly conducting metal plate having a finite rough segment over the region

—L <z <+L using the CC method was determined and given by (28) in [1] in terms of the
plane wave incident angle ¢, and scatter angle ¢ ; see Figure 2.6. Applying the CC scatter
formula in (28) of [1] for the incident plane wave given in (2.5) requires replacing in (28)

of [1] the incident angle ¢, by the incident angle o +¢, and the amplitude E, by the

amplitude E e "***“ These substitutions yield, for the incident plane wave of (2.5), the

CC first-order scatter far field formula

@),PL eij(kom/) (1) PL
ES (pco,awo)—J N S (@ a+gy) (2.26)

14



with plane wave scatter pattern

ko COS@COS(ax + ¢, )

SWPL (1 _ )
e (pate) cos ¢ +cos(a + g, ) °

— jkgppcosa

L (2.27)
. I |:1_ (1+ Dl uz)ejkoDl(cosw+cos(a+¢)0)):|ejkozl(sin(p—sin(a+¢0))dzl

z=-L

T V4 VA T T
for -——<p<—, - —<a+¢,<—and not near +—,
p =P TRt R0 R 2

with condition (2.23), where the observation point (p, (0) lies in the far field, x= pcos¢ ,

z=psing and D, =D(z,), D,'=dD,/dz, .

AX
it ~90" <, , <90°
/7 .
// ;Eyl PL
7
N B /s 7
\ s d
7 -
D_0 x=D(2) \{\ ﬁ/://
N \ \ i Air
777777 ) I TTTTTTT
-L +L PEC

Figure 2.6 Plane wave incidence angle ¢, and scatter angle ¢ of the first-order scatter
field based on the CC method.

Consider now the incident Gaussian beam wave (2.25), which consists of a directional

spectrum of plane waves over the finite angular domain _(% —@y)Sa< (g —¢,) that are

incident upon the metal scatter at angles a + ¢, (measured positive from the positive

x-axis) with amplitudes EOAJ(a). Comparing the plane waves of the incident Gaussian

beam (2.25) to the incident plane wave (2.5), which is also incident upon the metal

scatterer at the angle a+¢,, it is evident that the scatter far field due to the incident

15



Gaussian beam is a superposition, over the range —(%—(00) <a< (%—(00), of the plane

wave scatter far fields with the amplitude E, in (2.5) replaced by the amplitude E A ().
Thus, the beam wave scattered far field is given by

(J%)

EP®(p.0)= j A@EP™ (p.pia+g,)da, (2.28)

*(E*%)

Substituting (2.26) into (2.28) gives

1),B 2 _J(k0p+/) 1),B
EP®(p9)=] v SP%(o.), (2.29)
where
(*—(ﬂo)
2% (p.0) = J A (@)S2™ (p.0+ ) dex (2.30)

(E_%)
and E§1)*B ( p,(o)is the first-order scatter field according to the CC-Theory for Gaussian

beam scattering from PEC surface with finite rough surface segment.

Thus

{kowosmo:}2
COS@COS| o + :
Si2° (0.0 I ! ? cow} peos(ap) g farocose

oS @ +Cos(a +¢,)
—(f—%)

L
{ J‘ |:1_(1+ D1 .z)e]kODl(COS(erCOS(aJr(pO)):|ejkozl(SIn(pSln(a+(p0))dzl}da

=L

(2.31)

T T T T T
for -——<¢p<—, ——<ag+¢@, <—and not near +—.
P SPE gy TR LG 2

16



2.4 Specular Reflected Beam
For a plane wave incident upon a PEC scatter surface, the CC method designated the total
field to consist of a primary field plus a series of scatter fields of which the lowest order one

is referred to as the first-order scatter field. The primary field is defined to be the incident

plane wave and the specularly reflected plane wave such that in the region |z| >L, x>0

the primary field is identical to the primary field for the case of a planar metal surface. In
Section 2.3, first-order scatter field was determined for an incident Gaussian beam

scattered from a deterministic rough metal surface. In this section, the reflected Gaussian

beam according to the CC method in |z|> L, x>0is determined for reflection from an

infinite planar PEC surface. Since the incident Gaussian beam is a truncated spectrum of
plane waves, the reflected field due to one plane wave will first be developed. This is then
followed by the determination of the reflected Gaussian beam which is synthesized as a

superposition of reflected plane waves.

i S r,PL
@ o K Ey_
Air -
| »
Planar PEC
| \ Surface Z

Figure 2.7 Incident and specular reflected TE polarized plane waves with a planar PEC
surface at x=0.
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2.4.1 Reflected Plane Wave

Consider the TE polarized incident plane wave (2.5). In Figure 2.7, this plane wave
propagates in the wave vector direction k' and is incident at angle «+¢, (measured

positive from the positive X -axis) upon the infinite PEC planar surface. The incident plane

wave gives rise to the TE polarized specularly reflected plane wave
E"(x,2) = JE;™ = JE,/e R, (2.32)

where the reflected wave vector and position vector (with origin at the antenna phase

center) are given, respectively, by
k" =Rk, cos (g, +a )+ Zysin(g, +a), R=%(x-x))+2(z-2,). (2.33)
Using (2.33) in (2.32) gives the reflected TE polarized electric field plane wave
E;’PL (X, Z) _ Eore—jko[(X—Xo)COS(%+0’)+(Z—ZO)Si“(%+a)] . (234)
At the perfectly conducting planar scatter surface, the tangential electric field must be
zero, i.e.,
E," +E/P =0atx=0, |z <. (2.35)
Substituting (2.5) and (2.34) into (2.35) gives
Eor _ _Eoiefjkopocosae—jko[x{, COS((/)O+a)+ZOSin((pO+a):| . (236)
Substituting (2.36) into (2.34) gives the reflected electric field
E;'PL (X, Z) _ _Eoie_jkopo cosae—jko[xcos((po+a)+zsin(¢0+a)] . (237)
Recall that the incident Gaussian beam in (2.25) was constructed as a truncated
spectrum of plane waves using the incident plane wave (2.5) with amplitude E,A)(«). In

the same manner, the reflected Gaussian beam, represented as a superposition of reflected
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plane waves, using the reflected plane waves (2.37) with amplitude E,A)(«), is obtained
as

(%—(/70)

E;'B(X, Z) _ _Eoi J’ AD (CZ)87jkopoCosae_jko[xCOS(WG+&)+ZSin(%+a}]da ’ (238)

*(%*‘/’0)

where X, =p,C08¢, , Z,=—p,SIN@, , X=pcosp , Z=psing and —%Sgpﬁ%

—% <9, S% with ¢, not near ¢, .

Replacing the X and Z coordinate variables with polar coordinate (p,®) and using
familiar trigonometric expressions, the reflected beam wave in (2.38) is written as

(,,%)
E"®(x,2) = -E, j A, (o) e Homeag toresletoallg g (2.39)

-G
Asymptotic evaluation of (2.39) for k,p large by the Method of Stationary Phase gives the

reflected beam

o ilkor+7)
E,%(p.0)~E}®(p.0)= ] Zg ——Si (0. 9) (2.40)
y \/_

with reflected scatter pattern

[(ko%) jkopo}sinz((p—%)

Sie (po) = ——\/_k 0@y COS(p—¢h) e Forng 2 (2.41)

Recall that the formula for the reflected beam field E;'B Is asymptotic, which requires

that k,p be large. It was also assumed for the incident Gaussian beam that ¢, not be close

to +7/2 and that condition (2.23), i.e., e /%" <1 e satisfied. The latter inequality
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means that (k,w, /2)2 and, therefore, k,w, must also be sufficiently large. The composite

requirement to obtain the far field to insure that the asymptotic evaluation remains the

dominant effect is that k,0 > (k,w,/2)*. In other words, in the context of the plane wave

spectrum representation, it is required that the “peaked” spectrum function A, () does not

become more important than the phase exponential in (2.39) in determining the far field.

The total beam wave scatter pattern is

STTSTYB ((P’ %) = ST(lE)’B (gp, (po)"' STrfEB ((0’ (90) (2.42)

2.5 Accuracy Check — Power Conservation Criterion
Since the scatter surface is perfectly conducting, the total scattered and reflected power
must equal the power carried by the incident beam, which means that conservation of
power requires
Py =Py, (2.43)
To measure how well this conservation of power criterion is satisfied in the CC method,

define the % error

1
B

$TOT _ pi
g= (PB—.PBJXIOO% , (2.44)

where the power per unit width of the incident beam is given by

® ! i VA I 1 7w 2
ZLMLEOSAV - K'dy'dz ‘E\En—j'Eo' , (2.45)

and the total scattered power per unit width is

pSToT _ 72l gsToT
=1 R\
p=—n/2Jy=0

podgdy =" po e pdp,  (246)
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where

\ESYTOT\Z |E| 59 (0,0,)+SiE (0. - (2.462)
Substituting (2.46a) into (2.46) gives
/2 r,
Pt = B[ [ S22 (p)+SiE (0 . (2.47)

77770

2.6 The Approximation First-Order Scatter Pattern
For sufficiently large k,w, , the double integrations in (2.31) for the first-order beam scatter

pattern can be reduced to a single integration over the metal scatter surface. This is

accomplished because « is small by using the following approximations:

(a) cos(a+¢,)~cosg, in the amplitude terms. (2.48a)

(b) cosa zl—%(sin2 a) in the phase terms. (2.48Db)

Substituting (2.48) into (2.31) and changing the order of the integrations give for the

first-order beam scatter pattern

S(l)’B((p %)= ko'W, COS@COS@, oIk j plloa(sing=singy)
2 2«/77 COS @ +COS @, o (2.49)

{Il _ejkODl(cosmcoquo) (1+ D1 12) |2} le

where

+ ko2Wo? 1. 1. . .
o 00 ko po—= jKezy Singy [sin?
{ 2 2]000 2]01 Po a

g Moncosmsine oo rder (2.49a)

k
ag { Or’o _ilkopo *Jkozls'”‘/’o'*' JoDycos gy

:lsln a . H i
g loucosmkoDisingssine o6 0 (2.49b)
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Using the change in variable u=sin« , the integrations over « in |, and 1,
transform to integrations over u . Since k,w, is large, the integrand decays and the range of

integration over u can be extended over the infinite range —o<u <oo because the
extended portions do not alter the valuation of the integrals. The integrals over the infinite

range is then evaluated in closed form to give the approximate beam scatter pattern

S_I(_lE)'BAppmx (q), 0) _ ko COoS ¢COS @ e_jkopo
COS @ + COS Dy
(2.50)

L
J‘ ejkozl(sm(p—smqoo) . |: |l _(1+ D1 -Z)ejkoD1(cosqo+cos(po) I 2:| dZO

z5=—L

where

(z,cos goo/wo)2

1— j(po +2;8in %j
= o’ /2 (2.50a)

1-j Po+2,5iNg, &
koW, /2

2
—| “Lcosg, +—Lsing,
W, W,

0 0

exp< —

exp

| po+12,8INg@, — D, cose,
1-] Ve
OWO /2
1, = (2.50b)

{1_ j (po +2,8in @, — D, cos ¢, jr

koW, /2
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CHAPTER 3
FORMULATION AND SOLUTION OF BEAM WAVE SCATTER PROBLEM
BY USE OF THE METHOD OF MOMENTS
In this chapter, the well known numerical method in electromagnetic called the Method of
Moment [5] is developed for comparison. An integral equation for the surface current
induced on a perfectly conducting scatterer is derived from boundary conditions on the
electric field. To solve the integral equation by the MOM, a set of expansion functions and
a testing procedure are developed and used to derive the elements of the moment matrix.
The problem is reduced to a consideration of the fields over a single period. Finally, the

numerical computation of the moment matrix elements is discussed.

3.1 MOM Using Image Theory
The scatter surface under investigation is shown in Figure 3.1. It is a perfectly conducting

surface that lies along the z-axis and has a sinusoidal one-dimensional roughness profile

x=D(z)= Do[l—sinz[%nﬁﬂ in the region,|z|< L, but is planar (D=0) over the

regions |z|> L, where N, isthe number of bumps. A TE polarized beam wave is assumed

incident upon this rough metal surface. The MOM is implemented to find the scattered
field after applying image theory. For convenience, the simpler scatter surface shown in
Figure 3.2 — that of a single bump on an infinite PEC planar surface - is used to illustrate
how image theory is implemented. Extension to more scatter surfaces with several bumps

is straightforward.
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x=D(2)

ST TR 7, A

77777 7 7 7 7 7777
—L @] +LPEC

~NY

Ei,B

D=0 .
% / Air
TI777777 o /L////////’z

-L PEC

Figure 3.2 PEC scatter surface with one bump illuminated by an incident TE polarized
Gaussian beam.

Figure 3.3 Incident and image TE polarized Gaussian beams and surface current densities.

In Figure 3.2, the TE polarized Gaussian beam with an electric field in the +y

direction E'® = §E;° is shown incident upon the infinite PEC scatterer with one bump. In

Figure 3.3, the equivalent image problem is shown, which can be understood by placing an
infinite PEC planar surface along the entire z-axis under the infinite one bump PEC scatter

surface. Image theory predicts that the image problem of Figure 3.3 includes the original
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incident Gaussian beam wave field E'® = 9E;’B , an image incident TE polarized Gaussian
beam with an electric field in the —y direction E'® = 9EL’“*B, the surface current density
J, =yJ,, inthe +y direction that was induced on the surface of the original PEC single
bump and its image surface current density J." = yJ_7 that flows in the —y direction. The

direction of the current flow is determined from the boundary condition J, =fixH at the

A

PEC surface, i.e., at x = D(2),|z| <o, where A is the unit normal vector directed into the

air region from the PEC. The incident fields and induced surface current densities in the
image problem are all located in air. The field solution to the image problem is equivalent

to the field solution to the one bump scatter problem in Figure 3.2 in the physical regions
Xx>D(2), |Z|<oo. Note that in these regions, the image incident Gaussian beam is
identical to the reflected Gaussian beam from an infinite planar PEC surface that was
developed in Section 2.4 and that the reference MOM scatter field is approximated by the
CC first-order scatter field due to the rough scatter segment only.
The boundary condition that the tangential electric field at the PEC surfaces in Figure
3.2 be zero is written as
E, =0 at x=D(2), |z < (3.1)
where E is the total electric field at the surface of the PEC. Since the field solution to the
image problem of Figure 3.3 is equivalent to the field solution of the original one bump
problem of Figure 3.2 (in the region above and at the bump), the field at the surface

containing the induced current J = 9J  in the image problem must also satisfy the

boundary condition (3.1) . Because of image theory, the total electric field in the image
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problem of Figure 3.3 is given by E, =E;® + E;"® + E;*®, the boundary condition (3.1)
becomes
E,°+E™ +E;® =0 at x=+D(2), |7|<x. (3.2)
The scatter field E;*® is due only to the surface current densities on the bump and its
image because the induced surface current density and its image on the planar PEC
portions of the surface give zero current, i.e., J_, +J =0 over |z|>L,x=0.

The incident Gaussian beam wave field in (3.2) is given in (2.25) by

E;’B (X, Z) _ EOJ‘(E—%) A) (a)e_jkopoCosaejkoxcos((po+a)—jkozsin((p0+a)da , (33)

~(5-)
which consists of a spectrum of plane waves that propagate in the wave vector directions
k' =~k cos(a + @) + 2Kg Sin(a + ¢) | la|<ag =712—g,. (3.33)

The image incident Gaussian beam wave field is given by

. Z-a) r n o

E;,m'B (X, Z) _ _EOJ' 2” ) A\) (a)e Jkopocosae jkoxcos(gy+ar ) jkozsln((p0+a)da ’ (34)
—(Z-%)

2

which consists of a spectrum of plane waves that propagate in the wave vector directions
k'™ = Rk, cos(a + ¢, ) + 2k, sin(a + ;) , |a| <a,=7ml2-¢q,. (3.4a)

The scatter field is obtained from the surface current densities and is given by

k
E}° () =29, 35 (PIHE (K| o - p1)de, (35)

where use has been made of the two-dimensional free space Green’s function which is
proportional to the Hankel function of the second kind of order zero [5]. The position

vector p' locates points on the surface occupied by the current density and its image while

the position vector p reaches observations points in the physical space x > D(z), |z| >L;
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refer to Figure 3.4. n, is the free space intrinsic impedance. The integration path in (3.5)

runs along the contour C'= ¢'®@+¢'® which is shown in Figure 3.3.
Substituting (3.3), (3.4) and (3.5) into (3.2) gives the electric field integral equation (EFIE)

for the unknown current densities J (o)

EOJ'(;;%) Ab (a)e,jkopo cosa {ejkol:xcos(a+<p0)—zsin(a+¢;0):| _e—jko[xcos(a+(po)+zsin(a+q;0):|} da
—(E—%)

. (3.6)

k
=23, (0 (koo e

In (3.6) both the source point and the observation point are located at points on the surface
occupied by the current density and its image, which for the simple geometry of Figure 3.6

means on the surface of the bump and on the image surface of the bump. In general, the
observation point is located on the surface defined by the equations x =+D(z), |z| <L.
Care must be used in making calculations when the source point P'(p’,8') is near the
observation point P(p,0) .

The EFIE (3.6) is an integral equation for the unknown surface current density that

appears in the integrand. To solve such an equation, numerical techniques are used. We
approximate the unknown current density J (p') in (3.6) over the path c'=c@+c® py

means of a piecewise constant function (a staircase representation). As illustrated in Figure

3.5, the above path is divided into 2N segments and each segment has a corresponding

subspace projection on the z-axis of length A=2L/2N, with the center of the n”

segment designated z and where

z =—L+A(N-1/2),n=12, ..., 2N. (3.7)
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Obesrvation Point
P(p.0)

Source Point
P'(p"0")

Figure 3.4 Geometry of the surfaces occupied by the current densities and the coordinate
designations of source and observation points.

To find the unknown induced current density J_ , the first step is to approximate it by

a series of known expansion functions g, (p') such that

3, (p)=320.(5). 39)

where the expansion coefficients ¢ are unknown constants. For simplicity, the expansion

functions g, (p) are chosen to be a set of orthogonal pulse functions given by

Lze(z,-Al12,2,+A/2)
" _ n n ’ 3.9
% (P7) {0,otherwise (39)

b

The expansion of the current density in terms of pulse functions in (3.8) is a “staircase’

approximation where the current is divided into 2N segments of length A .

3P
Cn

%____

|

|

|

L >
0 Z, z

Figure 3.5 A pulse approximation of one segment of the current density.
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In Figure 3.5 within the n" segment (z,—A/2,z,+A/2), 3, (p') is approximated by

the constant a ; thatis, J, (p")=a, for ze(z,-A/2,2,+A/2).

Z, =7,y When 2N +1<n<4N

Figure 3.6 Discretizations between points on the coutours and their projections onto
z-axis.

A similar situation occurs over the path ¢'® as shown in Figure 3.6, where

2N+1<n<4N, x=-D(z)and I3 (p')=-J,(p") with

= a/Axn2 +4z,° = [1+ (%)ZAZn = \/1+ (D'(z=12,))*Az,, forn=1, 2, 3,..., 4N.(3.10)
Zn
Substituting pulse expansion functions for the unknown currents into (3.6) gives

i im k [ I
BB =€) (0) =2 6,3, (0)H (i o p) e

S0, 17 (sl e+ 5 ][ 32 o )| (bl )

a) n=1 n=2N+1
(3.11)

where E;®and E;™° are known and given by equations (3.3) and (3.4 ).
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Interchanging the order of the integration and the summation in (3.11) gives

4N
. : K
B +E® =3 2,72, 0,()HS (k|0 ) de (3.12)
n=1

Since the 1" pulse is unity for z (zn -Al2,2, +A/2) and is zero outside this interval,

(3.12) reduces to

_ ) 4N k C,+AlI2 , AN k 77 )
el =58 [ W0 (o, e 3K W (-, ), 2, (313
n=1 c,—A/2 n=1

which, for convenience, is expressed as
E;B(Z) + E;'mYB (Z) :Z'AMYY\ (Z) = AlYl (Z)+ AZYZ (Z) teeet A4NY4N (Z) (3'14)
n=1
where A =a, and

k
1(2)= 26, X 1 (k-

n

) (3.144a)

Equation (3.14) reflects the fact that the problem of determining J, (p’) at all points

of the surface has been replaced by that of computing the 4N constants A, =a, . Clearly,
(3.14) is a single equation containing 4N unknowns and it cannot be solved for the
constants 4 in its present form.

The exact solution J, (p) of the integral equation (3.6) ensures that the right- and

left-hand sides of this equation are equal at every point of the surface, but any approximate

solution does not ensure equality at all points. A solution is sought which is as nearly equal

as possible to J, (p) in the sense that, at specified match points at the surface, (3.14),

which is an approximation to (3.6), is forced to hold exactly. The center point z of each
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segment (z,—A/2,z,+A/2) is selected as a match point but, to distinguish it from the z,

employed in (3.7)-(3.14), the match point is designated z, where
1
zZ, :—L+A(m—E), m=1, 2, ..., 2N

Z. =2, M=2N+1,2N+2, ..., 4N (3.15)
and the observation point p = p,, with (X,¥)=(X,, Yn)-

Thus, at each match points z , (3.14) is enforced to give the linear system of

equations
A1Y1(21)+ AzYz (Zl)+'”A1Yn (21)+"'+ A4NY4N (21) = EiyYB(Zl) + E;m'B(Zl)

A1Y1(22)+ AzYz (22)+""A\1Yn (22)+"'+ AANY4N (Zz) = E;’B(Zz)+ E;m’B(Zz)
Ain(Zm)+ AY, (Zm)+"'A1Yn (Zm)+"'+ AnYan (Zm) = Eiy’B(Zm)"‘ E;m'B(Zm)

A1Y1(24N )+ A2Y2 (ZAN )"“"Aan (ZAN )+"'+ A4NY4N (ZAN ) = E;’B(Z4N)+ E;m'B(ZAN)
(3.16)

Note that Y is a function only of Z and that, with a discrete value z substituted into this
function, Yn(zm) is a known value which can in principle be computed from (3.14a).

Hence, (3.16) is a set of 4N linear equations with constant coefficients Yn(z ) and

unknowns 4 . Since Eiy'B(zm)+Eiym'B(zm) is known, then 4 can be determined by

standard techniques.
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Equation (3.16) can be written as

4N
DAY =H,, m=12,. 4N, (3.17)
=1

where Y, =Y, (z,)= k°T7f7° H? (ko 2. -2 |) and H, =E,®(z,)+E"®(z,) are known

quantities, and R, =|0, — @ | = \/(xm %) +(zn—2,)" -
Alternatively, (3.17) can be written as a matrix equation
v, J4]=14,] (3.18)
where [ 4, | and [ /| are column vectors with 4N elements and [ ¥ ] isan 4N x4N

square matrix. Thus, we can get
[A]=[Ym] [Hal, (3.19)

where [Y,,, ]71 is the inverse of | Y|, so the approximate solution is available as

Jy(P") ~4Z_N’,Ahgn(p’) : (3.20)
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CHAPTER 4

NUMERICAL RESULTS

Using the first-order CC theory, TE normalized power scatter patterns have been computed
and plotted for a number of deterministic rough surfaces of the finite periodic type. The

results are shown in Figures 4.3 to 4.15, where these patterns are compared to the scatter

patterns obtained by an electric field integral equation/MOM technique. The Q,, Q, and

Q, values indicated in the Figures 4.3-4.6 refer to an error criterion for the first-order

CC-method that was developed in [1]. Conservation of power criterion (2.44) is also shown

in each figure.

4.1 Scatter Patterns of Deterministic Rough Surface

Figure 4.1 displays an example of a scatter surface profile of finite periodicity; it has five

bumps (N, =5) and is described by the expression

. .oz
D.|1-sin? (== for |z|KL

0 for |z|>L

, (4.1)

which satisfies the conditions that D(+L)=D’(+L)=0 and is plotted for 2L= 8.

Ax
|
|
x=D(2) | .
QW R RO R/ Q%
NANARNARNA NS
l'\\ / '\\ AN _\\ '—/\l—/#-\i—/vl .
7777 / / 7 A7
PEC

Figure 4.1 Surface Profile x = D(z) with 5 bumps.
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Figures 4.2-4.15 display curves of a normalized power scatter pattern for the surface

profile (4.1) plotted versus scatter angle ¢ . A TE polarized electric field Gaussian beam

wave excited by an aperture antenna is assumed to be incident in the air half-space and the
scatter pattern is calculated for the PEC scatter surface having the surface profile of Figure
4.1. Calculations were performed by using the first-order correction current solution and
the method of moments (MOM) solution of an electric field integral equation formulation
of the problem, which were discussed in Chapter 2 and 3, respectively.

The normalized power scatter pattern is defined by the expression

S S, TOT

RBTOT (@, %) _ TPony FE;Q@ %) for
B

L —> 0, 4.2)

where S37° (p,@;¢,) is the time-averaged power density (Poynting vector) of the total

scattered beam field at a far distance from the origin, i.e., for p = (x*+2°) = and P, is

the total power per unit width of an incident beam.
For the Gaussian incident beam radiated by the aperture antenna and scattered by the

metal surface in Figure 4.1, the incident power per width is

0

i 1 i SV I 1 |z Wy 2
P = L,:_w oo S,y - X'dy'dz' = 5\/;77—0|E0| for kow, >1, (4.3)
and the total scattered time-averaged power density in the far field is
s,ToT 1 | _stor)2
S (p.0i) = =—[E; | for p—soo (4.4)
2,
For the CC solution method, the total scattered field is

Ejit =EMP+EN®, (4.5)

34



where as for the moment method solution using image theory, the total scattered field is

Egum =E;° +E2. (4.6)

y,MM

Comparing (4.5) and (4.6) shows that the reflected beam in the CC method is identical to
the image beam in the moment method and that the first-order scatter field in the CC
method approximates the scatter field derived using MOM.

Usually, scatter patterns are plotted using radar cross section (RCS). However, a RCS
for the infinite two-dimensional scatter surface of Figure 4.1 does not make sense. Such a
formula would make sense for a target of finite cross-section (which may be many
wavelengths long) and an incident field near the target that could be regarded in good
approximation as a plane wave. Both these conditions are not satisfied for the scatter
problem under consideration, which involves an infinite PEC scatter surface and a
Gaussian incident beam.

For the CC solution method, substitution of (4.3) and (4.5) into (4.2) using the
first-order scatter field (2.29) and the reflected beam field (2.40) yield the normalized

power scatter pattern for TE polarization expressed in terms of the field scatter patterns

S,TOT _c@®.B r,B
STE,CC (0. 0) = STE,CC + STE,CC as

S

OWO

* for p—> o, kw, >1 (4.7a)

and additional normalized power pattern formulas are defined by

2 1 2
Rit'ec =2\/: s2el, (4.7b)

7 KW,

r 2 1
RTEB.CC=2\/;kW
0o

2
r,B
S

(4.7¢)
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In the moment method solution presented in Chapter 3 using image theory, (3.5) gives
the scattered electric field at an arbitrary point in space due to the current densities in
Figure 3.3 in terms of the Hankel function of the second kind of order zero

kO

E;® (0)= 22§, 35 ()HE (ks |o-

)dc’ (4.8)

Using the asymptotic form of the Hankel function at large distances from the scatter in

(4.8),

H? (k,|o-p']) = ;—Jpe"’k“‘"”’) for p—> oo, (4.9)
0

and substituting the resultant scattered far electric field into (4.4) yields the MOM scattered

power density in the far field

SS — Ko7

o 2
N o $.3, (p)e e (4.10)

Using the moment method solution for the surface current density J,, (") allows for the

numerical evaluation of the integral in (4.10), which can be written as

| = , (4.11)

4N ) .
ZAje opn Acn
n=1

§,3,(p)e" dc|=

where the expansion coefficients A, were found via the moment method in Chapter 3.

Substituting (4.3) and (4.10) into (4.2) gives the normalized power scatter pattern

1 [2 ket Iy
RB == =20 11 for p—>oo, kw,>1, 4.12
TEMM T g4 W, |E0|2 P oV ( )

where E, is set to unity for all figures.

Note that the power scatter pattern in (4.12) is given without inclusion of the reflected

power scatter pattern, while the power scatter pattern in (4.7) includes the reflected beam.
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4.2 Numerical Results
In the numerical simulations using the MOM, spatial resolution (2N), which is the number
of the projected segment onto the z axis of the induced current density in the x positive

region in the simulation is set to 600 evenly spaced data points over the surface width
|z| <L, which is chosen after confirming that no changes occur in the results by increasing
2N from 400 to 800 is shown in Figure 4.2. In Figures 4.3a, 4.4a, 4.5a and 4.6a, four curves
are drawn which give the normalized power scatter pattern of the CC-Exact and
CC-Approx formulas via 4.7(b), the MOM solution via (4.12) and the total scatter patter
given by CC-Exact with the reflected beam via 4.7(a) for N, =5. Figures 4.3b, 4.4b, 4.5b

and 4.6b, in particularly, show why the total power scatter pattern is maximum in

specularly reflected direction. It is because of the inclusion of the specularly reflected

beam.
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Figure 4.2 Normalized power scatter pattern Ry:5,,, versus scatter angle for the PEC

scatter surface in Figure 4.1 of different spatial resolution (2N) to show convergence of the
MOM solutions.
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In Figures 4.3-4.6, the scatter width 2L =84, but the profile height D, varies from

0.14 to 0.74. In each figure, the distance from the antenna phase center to the origin is
Po =204. The antenna main beam direction is ¢, = 45".

In [1], an heuristic “error criterion” was developed to predict when the CC method is

expected to remain valid, which is

Q=Q1+Qz=2{<D'2>+<D'4>+2—i2<D"2>}<<1 (4.13)

where Ql=2[<D'2>+<D'4>] and Q, :<D"2>/k2 characterize the average slope and

average curvature, respectively, of the scatter surface. Comparison of the first-order scatter
pattern of the CC method with the integral equation/ method of moments (MOM)
technique show in Figures 4.3a and 4.4a that good agreement is obtained for Q smaller than
one, but show deviation in Figures 4.5a and 4.6a for Q greater than one. Although the
criterion (4.13) was derived for a single incident plane wave in [1], it is valid for the
incident beam wave since the beam wave is a superposition of plane waves. Figures 4.5 and
4.6 with high Q values also have larger conservation of power errors &, which means that
the CC method is not expected to be accurate.

The MOM simulations require considerable computational resources. On a 2.5 GHz
Intel Core i5 CPU with 4 GB of memory, a MOM simulation takes about 4 hours as

compared to a simulation using the CC method which takes 30 minutes.
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Figure 4.3a Normalized power scatter pattern versus scatter angle for the PEC scatter
surface in Figure 4.1 of length 2L =84 and height D, =0.141.
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Figure 4.6b Normalized power scatter pattern versus scatter angle for the PEC scatter
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In Figures 4.7-4.15, three curves are drawn which give the normalized power scatter

pattern of the CC-Exact and CC-Approx formulas and the MOM solution with fixed
Q=Q,+Q,=0.6+0.1=0.7 because of the fixed parameters of the scattering surface.
Comparison of the results in Figures 4.7-4.15 show excellent agreement. In addition, the Q
values and the power criterion ¢ are shown to be small, which indicates that the CC
method is accurate.

Comparisons of Figures 4.7 to 4.10 show that larger incident waist size w, produces

narrower scattered lobes. A larger waist size means the higher collimated beams results.
Comparisons of Figures 4.11 to 4.15 show that as the distance from the antenna and

the scatter surface increases, the scattered pattern develops many additional scatter lobes in
different directions. As p, increases, the incident beam broadens which allows more of the

rough scatter surface to affect the scattering and results in the pattern getting rougher and

less focused, which is similar to plane wave scattering.
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Figure 4.11 Normalized power scatter pattern versus scatter angle for the PEC scatter
surface with 25 bumps, height D, =0.34284, length 2L =404, beam waist w, =44 and
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Figure 4.12 Normalized power scatter pattern versus scatter angle for the PEC scatter
surface with 25 bumps, height D, =0.34284, length 2L =404, beam waist w, =44 and

distance p, =1004.
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Figure 4.13 Normalized power scatter pattern versus scatter angle for the PEC scatter
surface with 25 bumps, height D, =0.34284, length 2L =404, beam waist w, =44 and
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Figure 4.14 Normalized power scatter pattern versus scatter angle for the PEC scatter
surface with 25 bumps, height D, =0.34284, length 2L =404, beam waist w, =44 and

distance p, =5004.
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Figure 4.15 Normalized power scatter pattern versus scatter angle for the PEC scatter
surface with 25 bumps, height D, =0.34284, length 2L =404, beam waist w, =44 and

distance p, =10001.
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CHAPTER 5

CONCLUSIONS AND SUGGESTIONS

A full-wave theory of beam wave scattering from deterministic rough surfaces called the
Correction Current (CC) method was presented. The method was applied to the
two-dimensional scatter problem with a deterministic one dimensional scatter surface
profile. The CC method involves a primary field and radiation modes, which do not satisfy
Maxwell’s source-free equations, but do satisfy Maxwell’s equations with distributed
current sources. The scatter problem is solved by eliminating these distributed current
densities in an iterative procedure which produces a composite field that satisfies all
requirements, but eliminates the current distributions by mutual compensation. The
first-order solution of the CC method for beam wave scattering was shown to be accurate
over a wide range of surface parameters. Comparisons were made between the CC-method
and MOM method which showed very good agreement.

The present thesis has addressed the TE-polarization case of beam scattering from a
deterministic rough scatter surface. Suggestions for further studies include that of the

TM-polarization case and beam wave scattering by more general random rough surfaces.
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