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HF-UHF Propagation Prediction Over Rough Terrain

Abstract

In this final report a summary of our activities with regard to HF-UHF propagation pre-
diction over rough terrain is provided. Our research activities in the HF-UHF Propagation
Prediction can be categorized into three categories: (1) development of a theoretical method
to predict the field propagation from a small dipole over a half-space dielectric, (2) Numerical
Wavelet-based Method of Moments approach to predict the scattering from random rough
surfaces , and (3) Numerical Iterative Physical Optics technique to predict the scattering
from random rough surfaces that have low to moderate rms slopes.

The accurate prediction of radio wave coverage at HF-UHF frequencies over irregular
terrain features is of importance in the design and development of low-cost, low power
communications system. The terrain effects consist of multipath, diffraction, scattering
and depolarization of the electromagnetic wave. Current methods of prediction are overly
simplistic and tend to neglect phenomena which have a significant effect on radio wave
propagation modeling. We investigated a number of techniques in order to predict accurately
the propagation over rough terrain in the HF-UHF range.

1 Introduction

With the rapid expansion of technology for mobile and wireless systems an accurate
method for prediction of radio wave propagation in various environments has become essen-
tial in the design and development of efficient, low-cost, low-power communications systems
which can operate in these rapidly varying environments. A problem of particular interest is
the prediction of High Frequency, Ultra High Frequency (HF, UHF) radio wave propagation
over irregular terrain, where there may be no line of sight (LOS) path and the received signal
may consist of components of multipath, diffraction, scattering, and depolarization effects
from various, and usually numerous terrain features. Realistically all terrain effects cannot
be accounted for, either statistically or deterministically, with the current level of computer
technology, however assumptions can be made which produce a computational model of
realistic size while maintaining an acceptable degree of accuracy.

Several methods are currently used in propagation prediction over irregular terrain. These
consist of heuristic models, based on measurements, and electromagnetic models. The irreg-
ular terrain models can be broken down into two types, those that predict scattering from
small-scale roughness, i.e., surfaces whose irregularities are small compared to electrical
wavelength, and those that predict scattering and diffraction from large scale irregularities
such as mountains or hills. The heuristic models are limited to very specific physical condi-
tions at the time the measurement was made and the measurement system attributes such
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as frequency, bandwidth, and polarization. Moreover the cost and time to perform these
measurements is prohibitive. Current electromagnetic models assume the propagation be-
tween transmitter and receiver is limited to a very narrow Fresnel zone and the problem can
be reduced to a 2-D problem, in a plane between transmitter and receiver, of propagation
over intervening obstacles. Effects of surface roughness are handled in a strictly empirical
manner. One of the more widely used models, applied to large scale irregularities, assumes
all obstacles consist of knife edges, essentially a screen between transmitter and receiver and
Physical Optics (PO) diffraction methods are applied. [4] This method is referred to in the
literature as the knife edge diffraction model. While this method is simple to implement
and computationally fast, PO methods are accurate only at high frequencies, in the very far
zone of the obstacle, and are invalid in or near the shadow boundary and near the surface of
the obstacle which obviously does not reflect many realistic scenarios. Other high-frequency
techniques have also been applied such as Geometrical Theory of Diffraction (GTD) for
wedge diffraction, but these techniques tend to be cumbersome for many obstacles.

Due to the limitations of both heuristic and PO models more rigorous electromagnetic
models have been investigated in recent year. Several methods have been proposed for
modeling of large terrain features, including parabolic equation techniques which assume
cylindrical wave scattering [5], and integral equation (IE) techniques [6] [7]. IE techniques
have been an area of major research in electromagnetics in recent years. An integral equa-
tion is formulated by enforcing boundary conditions on the surface of the scattering object.
The unknown quantities in the IE are the surface currents. These are solved for either by
numerical or iterative techniques. This method accounts for all electromagnetic phenomena
and interactions and is accurate to the degree of accuracy of the solution technique. When
a numerical solution is sought, this technique is limited by the electrical size of the problem.
While advances in computer technology have made the solution of larger problems possible
when using this technique, the size of radio wave propagation problems is still prohibitive
if all electromagnetic interactions are to be accounted for. With this in mind, techniques
are sought using IE methods to reduce the size of the radio wave propagation problem to
a manageable size while maintaining an acceptable degree of accuracy. Two techniques to
achieve this for large scale irregularities are proposed, a numerical technique using a MoM
approach with wavelet basis functions, and an Iterative PO approach. In addition a theoreti-
cal technique is proposed, using a perturbation method, to predict scattering and diffraction
from a surface with small scale irregularities when both transmitter and receiver are near
the surface.

A widely used numerical technique to solve IE equations is the Method of Moments
(MoM) technique. This technique expands the unknown surface currents, the expansion
consisting of basis functions with unknown coefficients. The expansion can be over the entire
domain of the scattering object or discrete sub-domains, where the scatterer is subdivided.
These sub-domains are at most 1/10) in size to produced the required degree of accuracy,
where ) is the wavelength. The most widely used is the sub-domain method. Weighting
functions are applied to reduce the average residual error. Direct application of MoM pro-
duces matrices of order N? and number of computations of order N3, where N is the number
of unknowns in the matrix formulation. Both the order of the matrix size and number of
computations are unacceptable for a problem the size of the radio wave propagation problem.
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Current research is directed towards reducing the problem size while maintaining accuracy
using both acceptable approximations and computational techniques.

Several methods have been proposed to achieve the goal of reducing the MoM problem
size in the area of radio wave propagation over hilly terrain. As stated previously most meth-
ods assume a 2-D problem, calculating propagation loss along a 2-D path, and all methods
cited assume this unless otherwise noted. Hviid et.al [6] proposes a method which is valid
for vertical polarization only. In this method the IE is formulated using the Magnetic Field
Integral Equation (MFIE) and solves for magnetic currents on the surface of the scatterer.
It assumes a smooth, perfectly reflecting smooth surface and to simplify the problem does
not account for backscatter. Brennan et.al, [7] extends this method by applying the Fast Far
Field Approximation (FAFFA), proposed by Chew et.al. [8] to reduce the computational
requirements of the problem. In this technique local groups are defined in the problem where
the near field interaction between sub-domains is significant and the IE is fully enforced. It
is then assumed that the distance between groups is far enough to assume plane wave inter-
action between them and the full IE need not be enforced thus reducing the computational
size of the problem. Both methods described have limitations, including smooth surface
assumptions and no backscatter in the first, and in the second the need to define near and
far zone. A method is sought to more fully account for the electromagnetic interactions
while maintaining accuracy and a computationally efficient problem. With this in mind two
techniques are proposed to solve the IE, a numerical method using wavelet basis functions
to reduce the problem size while maintaining the accuracy requirement and an iterative PO
technique, applied to the magnetic field integral equation, which also produces accurate re-
sults while significantly reducing run time. These techniques are valid when the fine details
of the terrain are not significant in the model as is the case at frequencies up to UHF.

The MoM techniques described previously use standard basis functions such as pulse basis
functions and point matching weighting which essentially enforces the MoM formulation
at the center of each sub-domain. Alternative basis functions have been investigated in
recent years which produce acceptable accuracy while significantly reducing the problem
size and runtime. Wavelets are an adaptive basis function which has seen wide application
in recent years in both communications and signal processing and electromagnetic modeling
applications. In recent years it has been shown that the orthogonal properties of the wavelet
basis functions in addition to having vanishing moments produce a sparse MoM matrix
which can be solved using iterative solver techniques such as Conjugate Gradient (CG), thus
creating a significant reduction in problem size and a significant speedup in the run time
of the problem. [9, 10, 11, 12] This method produces accurate results without the need to
define near and far-field domains and produces a full bistatic pattern, while maintaining the
accountability for all electromagnetic interactions inherent in MoM techniques. This method
has recently been applied to the problem of scattering from rough surfaces very successfully.

In the iterative PO technique the MFIE may be enforced repeatedly to obtain the so-
lution, with the previous solution substituted for each successive iteration. The number of
iterations is dependent on the accuracy desired. A significant advantage to the iterative PO
solution is the memory requirements are of order N as opposed to order N? for standard
MoM.
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2 SUMMARY OF ACCOMPLISHMENTS

Because no single method is comprehensive in its results (quick computations, exact, ac-
curate over all ranges of physical parameters, etc.) our techniques have focused on providing
a number of desired qualities including accuracy of results and computational speed. To this
end we have focused on three different techniques: (1) Theoretical results of scattering in
a dielectric medium, (2) semi-exact scattering results from random rough surfaces using a
wavelet-based technique, and (3) fast scattering results using an iterative Physical Optics
approach for random rough surfaces with low to moderate rms slopes. A summary of the
work accomplished in each area is given next.

2.1 Small Dipole Over a Random Rough Dielectric Surface

With recent progress in wireless technology and ever increasing demand for reliable low
power wireless systems, the need for predicting system performance has become an extremely
important step in the design of such systems. At HF through UHF, the channel characteris-
tics such as attenuation, and multipath fading statistics significantly affect the performance
of wireless systems. Prediction of the channel characteristics can be accomplished using
physics based propagation models. For this purpose precise diffraction models are developed
and incorporated with accurate terrain data base to construct a realistic propagation model.

In this study the problem of electromagnetic wave propagation, excited by a short dipole,
above a dielectric ground plane with an arbitrary dielectric profile and an irregular interface
is studied. This investigation is a natural extension of the classical Sommerfeld problem
with the exception of the random surface irregularities at the interface between the two
dielectric media. Assuming that the interface profile height variations are small compared to
the wavelength, the problem is formulated as follows. First, the bistatic scattering of a plane
wave illuminating the rough surface is solved using a perturbation solution of an integral
equation for the induced polarization current. Analytical expressions for the coherent field
(mean-field) and incoherent scattered power at an arbitrary observation point, including
points near the interface, are obtained. Then the solutions for the mean-field and incoherent
scattered power generated by a small dipole of arbitrary orientation and position are derived
by expanding the field of the dipole in terms of a continuous spectrum of plane waves and
using superposition. The effect of rough interface on the surface waves and the phenomenon
of depolarization caused by the rough interface are studied.

In reality, the interface between forest canopies and air is not flat, hence it is not clear
whether the lateral wave can be excited and if it can how the surface roughness affects it. In
this study, the effect of roughness of interface between canopy and air on the wave propaga-
tion in forested area is investigated. Also, an expression for the mean-field of an infinitesimal
dipole of arbitrary orientation is derived by obtaining a partial second order solution of the
Born approximation and a sensitivity analysis is carried out to demonstrate the variations of
the mean-field to physical parameters such as a effective permittivity, location of the dipole
and observation points, and surface roughness. More details may be found in Appendix A.
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2.2 Numerical Approaches 5

2.2 Numerical Approaches
2.2.1 Wavelet-Based Method of Moments Approach

The problem of electromagnetic scattering from rough surfaces has been the subject
of intensive investigation over the past several decades for its application in a number of
important remote sensing problems. Radar remote sensing of the oceans, soil moisture, and
mine detection using wideband radars are such examples. For these problems, where the
rough surface is either the primary target or the clutter, the understanding of interaction of
electromagnetic waves with the rough surface is essential for developing inversion or detection
algorithms. An exact analytical solution for random rough surfaces does not exist.

An alternative approach for evaluating of the scattered field and its statistics for rough
surfaces is Monte Carlo simulation. In order to use Monte Carlo simulation for evaluating
the scattering statistics of rough surfaces more routinely, computationally more efficient scat-
tering codes must be developed. In this paper the application of wavelets as a basis function
for the expansion of induced surface currents is considered. Traditional method of moments
(MoM) in conjunction with Galerkin’s method would require matrix fill computation time
of the order of N? and matrix inversion computation time of the order of N* (using Gaus-
sian elimination). It is well known that the solution of linear system of equations can be
obtained far more efficiently using search routines, such as the Conjugate Gradient method,
if the matrix of the coeflicients is a sparse matrix. In MoM, the application of conventional
pulse or rooftop basis and testing functions would usually produce full impedance matrices.
Although the diagonal elements are usually larger than the rest of the elements, the smaller
elements cannot be arbitrarily thresholded without drastically altering the resulting scatter-
ing pattern. The success of wavelet expansion function in generating sparse matrices have
been demonstrated for many circuits and antenna problems [9, 10, 11, 12]. In the Monte
Carlo simulation of scattering from rough surfaces the quantities of interest are the statistical
parameters, such as the mean and variance of the scattered field, and therefore it is expected
that the overall accuracy be less sensitive to the threshold level.

A comparative study is carried out to demonstrate the application of wavelets for im-
proving the computation time and reducing computational memory required for evaluating
the statistics of the scattered field from rough surfaces using the method of moments in
conjunction with a Monte Carlo simulation. In specific, Haar and the first-order B-spline
wavelet basis functions are applied to the MoM formulation of two-dimensional rough sur-
faces in order to compare the computation time and sparsity for wavelets in the same family
but of higher order. Since the scattering coefficient (the second moment of the backscatter
field per unit area) is a gentle function of the surface parameters and the radar attributes,
it is demonstrated that a relatively high thresholding level can be applied to the impedance
matrix which leads to a sparser impedance matrix and faster computation time. It is also
shown that applying a high threshold level the coefficients of the high order wavelets would
increase out of proportion, however the effect of these current components averages out when
computing the scattering coefficients.

The resulting sparse impedance matrices are solved efficiently using fast search routines
such as the conjugate gradient method. A systematic study is carried out to investigate the
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2.2 Numerical Approaches 6

effect of different threshold levels on the accuracy versus computing speed criterion. The
computed scattering coefficients are compared to previous results computed using a conven-
tional pulse basis function as well as the existing theoretical solutions for rough surfaces.
It is shown that wavelet basis functions provide substantial reductions in both memory
requirements and computation time. This procedure is further discussed in Appendix B.

2.2.2 Physical Optics Iterative Approach

Development of numerically efficient Monte Carlo-based models for simulations of elec-
tromagnetic scattering from random surfaces has attained significant prominence over the
past decade. A major stumbling block in this endeavor has been the large memory and com-
putation time requirement. This is because the size of the scatter is large compared to the
wavelength and the Monte Carlo simulations demand computation of the scattering problem
many times. Iterative methods offer an alternative approach when exact solutions are not
available and have been used in different electromagnetic problems. By construct evaluation
of iterative solutions are rather straight forward especially when the perturbation parame-
ter is relatively small. Physical Optics (PO) approximation is known to provide accurate
approximation for the induced surface currents provided that the local radii of curvature at
each point on the surface of scatterer is large and the surface is convex. For concave surfaces
and surfaces with many adjacent humps multiple scattering drastically alter the standard
PO current. However these surface current variations can be estimated through an iterative
process. Unlike Method of Moments (MoM) which requires matrices on the order of N? to
find the surface current of the sample surface with N elements, the iterative Physical Optics
method only requires memory size of the order N. Thus, substantial memory savings are
realized. Also, since no solver routine is necessary in order to solve for the surface currents,
as in the MoM, substantial time savings are realized as well.

Iterative methods, such as iterative PO offer an alternative approach when exact solutions
are not available. Evaluation of iterative solutions are rather straight forward especially
when the perturbation parameter is relatively small. PO approximation is known to provide
accurate approximation for the induced surface currents provided that the local radii of
curvature at each point on the surface of the scatter is large and the surface is convex.
For concave surfaces and irregular surfaces with many adjacent obstacles multiple scattering
drastically alter the standard PO current. These surface current variations can be estimated
through an iterative process producing a problem size of order N as previously stated. The
computation time of this problem then becomes of order N which is significantly less than
the MoM technique which is typically of order N3.

The application of iterative Physical Optics (PO) in conjunction with a Monte Carlo
simulation for characterizing the bistatic scattering coefficient of random rough surfaces
is examined. The iterative PO method offers decreased memory and computation time
restrictions compared to the standard numerical methods such as the Method of Moments
(MoM). Results from the iterative PO method are compared to the standard electric field
integral equation (EFIE), the magnetic field integral equation (MFIE) as well as the existing
theoretical solutions for rough surfaces. It is demonstrated that memory requirements and
computation time is significantly decreased, even compared to traditional MoM techniques
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while providing fairly accurate results for surfaces with moderate to low rms slope.

In addition, this technique is extended to the 3-D scattering problem, which is pro-
hibitively large for MoM techniques on all but the largest and most powerful computers.
Good agreement is found to occur between analytical methods and the 3-D iterative Physi-
cal Optics approach. Also, the iterative Physical Optics approach has been further simplified
by using a large argument approximation for the kernel. For these results, even more time
reduction is observed.

We investigated the use of the iterative Physical Optics method upon a variety of surfaces
in order to find the approximate region of validity for such a method. The results obtained
using the iterative PO method are also compared to the results found using the electric field
integral equation (EFIE) with tapered resistive sheets at the ends of the surface samples as
well as the magnetic field integral equation (MFIE) for a horizontally polarized wave. This
procedure is detailed in Appendix C.
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Abstract - The accurate prediction of radio wave coverage at HF'-UHF frequencies over
irregular terrain features is of importance in the design and development of low-cost
and low power communications systems. In this paper the problem of electromagnetic
wave propagation, excited by a short dipole, above a dielectric ground plane with an
arbitrary dielectric profile and an irregular interface is studied. This investigation is a
natural extension of the classical Sommerfeld problem with the exception of the random
surface irregularities at the interface between the two dielectric media. Assuming that
the interface profile height variations are small compared to the wavelength, the problem
is formulated as follows. First, the bistatic scattering of a plane wave illuminating the
rough surface is solved using a perturbation solution of an integral equation for the
. induced polarization current. Analytical expressions for the coherent field (mean-field)
and incoherent scattered power at an arbitrary observation point, including points near
the interface, are obtained. Then the solutions for the mean-field and incoherent scattered
power generated by a small dipole of arbitrary orientation and position are derived by
expanding the field of the dipole in terms of a continuous spectrum of plane waves
and using superposition: The effect of rough interface on the surface. waves_and. the
phenomenon of depolarization caused by the rough interface are studied.



1 Introduction

With the rapid expansion of technology for mobile and wireless systems, an accu-
rate method for prediction of radio wave propagation has become essential in the design
and development of efficient, low-cost, low-power communications systems . In many
communication scenarios where both the transmitter and receiver are near the ground,
shadowing and multipath significantly affect the signal strength and the coherent band-
width at the receiver. This is specifically the case for the propagation over irregular
terrain. Terrain irregularity so far as propagation is concerned can be categorized into
two groups: 1) large-scale roughness, and 2) small-scale roughness. Large-scale terrain
irregularities are generally referred to terrain irregularities large compared to the wave-
length such as mountains and hills. Small-scale terrain irregularities, on the other hand,
refers to surface roughnesses where the rms height and slope are small compared to
the wavelength (at HF-UHF). These affect the wave propagation differently; for exam-
ple, while large-scale terrain irregularities are the sources of shadowing and multipath,
small-scale irregularities reduce the ground reflectivity and produces an incoherent field
component due to surfaces scattering. Small-scale irregularities also affect the surface
waves which are essential when both the transmit and receive antennas are close to the
air-ground interface.

Determination of field of a small dipole over a half-space dielectric is a classical prob-
lem with a well-known solution [1]. It is shown that when both the transmitter and
receiver are near the surface, the contribution from surface waves is dominant. In prac-
tice, the transmit and receive antennas of mobile units are usually very close (relative to
the wavelength) to the ground. Existence of surface roughness may alter the contribution
of surface waves drastically. In this case the azimuthal symmetry of the problem may
no longer be exploited, and the Sommerfeld solution must be modified significantly. The
surface roughness generates incoherent scattered field which is the source of depolariza-
tion.

In this paper, the effect of slightly rough surfaces on the radiation of a short dipole
is studied. In what follows, first, a solution for the scattered field (including the near
field) from a slightly rough surface illuminated by plane waves is formulated in Sections
2 and 3. To investigate the effect of small-scale surface roughness on surface waves,
ground reflectivity, and the significance of the incoherent scatter fields, an analytical
solution based on a perturbation theory is proposed. In this formulation the perturbation
theory is applied to a volumetric integral equation for the induced polarization current
in the top rough layer of the dielectric interface. The perturbation parameter is the
normalized rms height of the rough surface and an iterative solution starting from the
unperturbed problem (dielectric half-space with smooth interface) is obtained. Basically,
the formulation is similar to what has recently been applied to evaluate far-field scattering
from rough surfaces with inhomogeneous profile when illuminated by a plane wave [2].
In Section 4 the solution for dipole excitation is obtained by expanding the radiated
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ficld of the dipole in terms of a continnons spectrum of plane waves and adding the
solution for cach plane wave colierently. Statistical analysis is carried ont analylically for
characterizing the coherent (mean) and incoherent (fluctnation) ficlds. 'The results are
comparced with the Sommerfeld solution and the depolarization effects are investigated,

2 Polarization Current in a Slightly Rough Surface

As mentioned earlier the first step towards evaluating the ficld generated by an ar-
bitrary dipole above a ground plane with rough interface is to consider the plane wave
illumination. To obtain the scatiered field, a perturbation solution to a volumetric inte-
gral equation for the induced polarization current over the top rough layer of the surface
is derived using a procedure similar to what is presented in [2]. Figure 1 shows the geom-
ctry of the scattering problemn where a dielectric half-space with an arbitrary dielectric
profile and rough interface is illuminated by a plane wave from the upper medium. Sup-
pose the surface height variation is small compared to the wavelength ()) of the incident
wave. The incident wave with an arbitrary polarization Q can be written as

Ei(f_') — Q eikol-c'-r ,

where ko = 27 is the free space propagation constant, and k' is the unit vector along the

direction of propagation, given by
k' = sin 0; cos ¢;2 + sin 6; sin ¢ifj — cos ;2 = k', — zki .
To make the solution tractable, the permittivity of the top layer down to a depth of d

is considered to be uniform, where -d < min{surface profile}. Denote the surface height
profile by function z = A f(z,y), where f(z,y) is a zero-mean stationary random process

with a known autocorrelation function and variance 1, and A << X is a small constant

known as the perturbation parameter. In the following derivation, it is assumed that
the medium below the top layer is stratified, that is, the relative permittivity is only a

function of z.
In the absence of the top homogeneous rough layer, the incident wave would be

reflected at the smooth interface between the free space and the stratified half space soil
medium. This reflected wave can be expressed by

E"(7) = E"(0) ¥ |
where k" is the direction of propagation of the reflected wave, given by
Er=Fk -2z k) =k + 3k,

and E7(0) denotes the magnitude and polarization vector of the reflected wave, which
can be obtained from

E"(0) = {1-,,-0,{,,- k] Q.
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Here 7. and r; are the Fresnel reflection cocfficients, and the horizontal and vertical unit

vectors are given by

h= X2 g s X (1)

|k* x 2|
where the subscript s can be ¢ or r for the incident and reflected waves, respectively.
In presence of the homogeneous rough layer, the incident and reflected waves induce a
polarization current within the top dielectric layer which is the source of the scattered
field. The polarization current in terms of the total field and the permittivity of the layer

is
J(r) = —ikoYo(e — 1)E! (2)
where Yy = 71; is the characteristic admittance of the free space, and
E'=E +E +E° .
The scattered field E® can in turn be expressed in terms of the polarization current and
is given by
E° = ikoZo / G(r,r')- I dv’ 3)
Vitab

where G(r,r') is the dyadic Green’s function of the half-space stratified medium (in the
absence of the top rough layer), and is given by [3]

G(r,r') = — 22§(l‘k—?2
[{ [rwh(eo)eit=s + h(—k,)e=%=] h(—k.)
: / i, ) [rb(k.)ees + (=ko)e 2] o(—k,) pei, i 2 < 2
k. {iz(kz) [rhil(__kz)eikzz’ + il(kz)e—-iic,z']
(k) [rub(—k)e + (ki )e b fer, if 2 >
(4)
c? — kZ—k2,k; = k:2+kyy, and iz(:i:kz) and 9(£k,) can be obtained

from (1) with k, = (k2 + k,§ % k. 2)/ko.
Substituting (3) into (2), the following integral equation for the polarization current
can be obtained:

oo d+Af(z'y')

_3(x) = ~ikoYo(E' + E) + / / / &(r,r')- I() dv’ . (5)

0

1

6_—.




An approximate solution for the integral equation can be obtained using a pertur-
bation technique. The total polarization current is expanded in terms of a perturbation

series given by

=2Jn(r)A" , (6)
n=0

with the expectation that lim J,(r) = 0. The most inner integral in (5) is expanded into

a power series in terms of A and then a recursive set of equations for J, are obtained.
These currents are expressed in term of their two-dimensional Fourier transforms defined

by

I 2 I tkyp
J(r) = ) / d?ky Ja(ky,z)eks? (7)

After much algebraic manipulation, analytical solution for the induced polarization cur-
rent to any desired order is obtained [2]. The expression for Jo(k,, 2) is given by

Jofles, 2) =(2m)8(ks = K.) [Ton(Dhi + Joe(2)fi o Jon(2)2] ®)

where t; = Z X h;, and

Jon(z) = — i k?’i"’: Yo (e~ 1) C(K,2) [Q-hi] e,

. 2hokiki,
CICCET)
. 2koki
Yokl + ki,

Jou(z) = Yo(e — 1) CE(K:, 2) [Q - 5] e~ |

JOZ(Z) =

The parameters used in these expressions for the zeroth-order current are given by
ki, = koVe—sin?6;, k;:kosiné',-, R = :: +fiz R = %-_{:—Il:%f’
(—1)" (Rh - 1‘;,_) ek1z2 + (thh - 1) e~ tk1:2
R (Rh - 1‘;,) etk1zd 4+ (thh - 1) e~tki:d
( 1) (ru u) ik1,z+(R Ty — 1) —tky,2z
R, (R, — r,) e*1=¢ + (R,r, — 1) e~?k1:d

As before ), and r, denotes the Fresnel reflection coeflicients of the half-space medium.

If the half space dielectric is homogeneous (ry, = Ry and r, = R,), the values of C* and
Cy are one. The expressions for the first-order currents are similar to those of the zeroth

order, and are given in the Appendix.

Crlzl(km z) =

Calkp, 2) =

o}

e Yi(e = 1) Gy (K 2) Q2] e (9



3 Evaluation of Scattered Fields

Substituting the expressions for polarization currents into (3), and following a similar
procedure which resulted in (6) of (2], the scattered field to the Nth order in A is obtained:

E*(r, k') Zkozo/d?kl{/G(kl,z 2')-J(ky,2')dz’

N-1 n Aﬂ+l am ~ an_m ~ n+l
¥ gr;) (n+1)! rre Gz, d)- 92m ™ I(k1,d) ®F kot

(10)
where
Glkusz,2) = %{ h(k.) [rah(—k.)e™ + (ks)e™ |
+ o(k.) [ruz}(_kz)eik,z' + ,a(kz)e—ik,z’] }eikzz, fz> 2 (11)

which is the Fourier transformation of the dyadic Green’s function.
Equation (10) can be divided into two parts:

ES(r, k°, k') =E* (v, k", E) + E* (v, k*, k') . (12)

E*/(r, kr, I::‘) is the scattered field to the zeroth order in A. Substituting the zeroth-order
currents (9) into (10), the zeroth-order field is given by

Bl (r, b7, ) =&k P L(E)h(-E) RO (k) + (K)o (-E)RO(K) } -, (13)

where Q and P are the polarization vectors of the incident and scattered fields, respec-
tively, and

R(k;) = [(1+ R)CG (K}, d) — 1] €754,

RO(KY) = [(1 + RL)CE (K, d) — 1] 7252 (14)
The zeroth-order solution is equivalent to the reflected field from the original multi-
layer medium with a flat interface ( f(:c,y) = 0), and the expressions in (14) give
the total reflection coefficients at the air-medium interface. It should be noted that
(3(=Fi), h(=ki)) = (31,he) and (6(K}), h(k) = (3r,h,). The superscript ”f” in (13)

denotes the flat interface.
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E*(r, k' k) s the higher-order scattered lield, which only exists when the surface s
rough. Substituting the polarization currents into (10) and after some algebraie manip

ulations, the following expressions for the scattered field is obtained

vor L __/‘: Z i . (:lkk‘ll'f'l‘-'z(l"'l) N-iN__';—' (N_'::_I)(ilCz)"‘
Eiig(e, i i) = —222 /(I‘kl——k— > > (V=
: n=0 m=0 ’

?~

Z

P- {iz(l:z)iz(k,)[lih + (=1)"|Ck(k,,d) + (k. )i(k.)[RS — (=1)"]C, (kp,d)P—

k aN—n-m 1 -n
Fok)2 [Ru+ (-] Gt ~m"’“‘"‘}‘ (St « @ rtc)|

ko a(2')
(15)

Note that (15) is valid for all points z > d, including observation points very close to the
surface. In a special case where the observation point is far from the surface (2 >> d),
the stationary phase approximation can be used for evaluating the integral in (15). The
far-field expansion for the scattered field can be written in terms of a scattering matrix
which depends on the direction of observation. Comparing (15) with (14) and (15) in [2],
Ep, can be expressed in terms of scattering matrix elements:

ik-r

Bo(n b k) =55 [
s‘”’ac, ki) + 9(k.)h(—KE) S, ki) + 5(k)5(—E) SW(k, ki) } - Q
(16)

where .the scattering matrix elements in (16) are given in [2]. The near-field expression
in (16) can be interpreted as the superposition of the scattered fields from all different
directions denoted by k. The integrand corresponding to [k| < ko can be interpreted
as the upward propagating waves emanated from the surface. When [k;| > ko, the
corresponding waves are non-propagating which are known as the surface wave whose
contributions are confined in the vicinity of the interface. It should be emphasized that
the quantities of interest are the statistical mean and the standard derivation of the
scattered field. These surface waves are caused by the rough-surface scattering and does

not exist when the surface is flat.
Performing the ensemble averaging of (12), it is found that, up to the second order,

(E*(r, k7, kY)Y =~ B (r, k", k) + (B (r, k", ) . (17)

P-{fz(kz)iz(—ki) Sk, k) + h(k.)d(—F)

Here (E*"®)(r, k7, k'), like E*/(r, k", k) in (13), can be expressed as
(Er@(r, k7, k) = ™ok p. {iz(/:-;‘)/‘z(—ic‘)nf.”(k ) + v(i»;')a(—li-;'mf})(k;;)} -Q, (18)



where Rf)(k,‘,) and R )(k ) are also given in the Appendix. Since f(r,y) 1s a zero mean
Gaussian process, il can l)( shown that the average of the odd-order fields vanish. The
next term of the coherent field is the fourth-order E*7, which will be ignored due to the

assumption of the slight roughness.
For the evaluation of the incoherent scattering power (variance of the field), only the

first-order scattered field is retained. Re-arranging (16), we have
E;,’Q(r,ic’,l::") = é/dszIpQ(kl,ki)AF(kl -k, (19)

where Ipg(ky, k') is given by

Tralie k) = gy P+ {40 SE200 k) + A )o(-42) S{20k
+ o(k.)h(—ki) SK( ki) + o(k.)o(—K]) Sk, k)} - Q . (20)

Noting that
AYF(k ) F*(K,)) = AYF(k)F(=K,)) = (2r)* §(ky — K, )W(ky),  (21)

the incoherent scattering power, up to the second order in A, is given by

sr(l)

"y = A2 / Py [Ipg(kp, K) Wiky k) . (22)

<|E135Q (EPQ)l )= (|E

As mentioned previously, (16) is expressed as a continuous spectrum of scattered plane
waves. What is expressed mathematically by (21) indicated that these plane waves are
mutually uncorrelated. Therefore, (22) is simply the integration of the power carried
by each plane wave. For observation points near the surface, (22) must be carried out
numerically and cannot be simplified any further. The convergence of the integral can be
examined noting that W(k,) decreases as |k, | increases and the fact that for |k.| > ko,
k. becomes pure imaginary which causes the integrand (|Ipg(ky, k1)|2) to decay rapidly.

To demonstrate the effect of the surface roughness on the surface reflectivity, a nu-
merical exarnple is considered. Both coherent reflectivity and incoherent reflectivity

((l "(1)‘ )/ |Ei|2) as a function of observation point height are calculated. These plane

wave illumination examples simulate situation where the transmitter (receiver) is airborne
and the receiver (transmitter) is near the rough interface. Consider a rough soil surface
with rms height of 0.016m, correlation length 0.16m, and dielectric constant € = 8 + 1
illuminated by a plane wave generated by a source operating at f = 890 MHz. At this
frequency, the normalized rms height and correlation length are, respectively, ks = 0.3
and kl = 3.0. Figure 2 shows the magnitude of the zeroth order and complete second or-
der mean-field in (14) versus incidence angle. In this simulation, the correlation function
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for the rough surface is assumned Gaussian. ‘T'he complete second order solution demon-

strates Lthe effect of surface roughness on the surface reflectivity. Basically, the surlace
ronghness reduces the sarface reflectivity and canses a slight shift in the Brewster angle,

it should be noted that formulation of the second order coherent reflection cocflicients
in (18) does not converge for surfaces with exponential correlation function. This may
be due to the fact that higher order terms are excluded. [lowever, this problem is not
observed in the formulation for the incoherent wave. Figure 3a and 3b show compar-
isons between the zeroth order coherent and incoherent reflectivities as the function of
the height of the observation point for an exponential correlation function. It is shown
that for vertical polarization and observation point heights less than 0.1, the incoherent
reflectivily is significant and dominant near the Brewster angle. However, for horizon-
tal polarization, independent of the incidence angle, the incoherent reflectivity is much
smaller than the coherent reflectivity.

Generally, the incoherent reflectivities decrease as incidence angle decreases. This
could be qualitatively explained by Rayleigh criterion [4]. The criterion is stated as
follows: For a surface characterized by a distribution of irregularities of height h, if A

satisfies

A

hs 16cos 6’ : (23)
where 6 is the incidence angle, the surface can be considered smooth. As the incidence
angle increase, the surface appears "more flat”. Therefore, the incoherent scattering
" decreases. Same is true for the coherent field as shown in Fig. 2 where the coherent
reflectivity approaches unity when 8 is increased to 90°.

It is noticed that the incoherent reflectivities vary as the height of the observation
point changes. As mentioned previously, the scattered field can be decomposed into two
components: upward propagating waves and surface waves. When the height increases,
while the surface wave components attenuate, the propagating waves remains unattenu-
ated. This phenomenon is demonstrated in Fig. 4 where the integrand of (19) is plotted
in k; space. The normalized magnitude of the integrand is shown in gray scale over an
area with the radius of 2k, in the spectral domain. The propagating waves are confined
in a circle of radius k,, while the surface waves are outside the k,-circle. Figure 4(a) and
4(d) show the incoherent vv- and hh-polarized power spectral densities for an observation
point 0.01 above the rough surface when the incidence angle is 20°. The integrand is nor-
malized with respect to the value at (k.,k,) = (k,sin 18.8°,0.0) for vv-polarization and
(ko 5in21.2°,0.0) for hh-polarization. In this case, most of the power is in the k,-circle,
which justifies the lack of sensitivity of the incoherent reflectivity to the height variation
at 20° shown in Figs. 5(a) and 5(b). Figures 4(b) and 4(e) respectively show the inco-
herent vv- and hh-polarized power spectral densities when the observation point is 0.01\
above the rough surface at incidence angle 80°. The integrand is normalized with respect
to the value at (k, ky) = (—k,,0.0) for vv-polarization and (k,,0.0) for hh-polarization.
A significant component of incoherent scattering is from the contribution of the surface
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waves (the area outside the k,-circle. It is also noticed that, for vv-polarization, inco-
herent scattering is mostly from the waves around the backscattering direction. As the
height of the observation point increases to 0.5, the contribution from the surface waves
almost vanish, as shown in Figs. 5(c) and 5(f).

In near-field region, all field components are present in general. Decomposing the
field components into v, h, and k components, the behavior of the cross-polarized in-
coherent scattered waves are demonstrated next. Figures 5(a)-(d) show the incoher-
ent cross-polarized scattering, including vh, hv, kv, and kh polarizations. Like the co-
polarized scattering, the cross-polarized incoherent scattered power is stronger for obser-
vation points close to the surface. Also for v-polarized incident field, the cross-polarized
scattering powers are stronger than those of the polarization of h-polarized incident field.

4 Evaluation of Field of a Short Dipole above a Rough
Surface

Another problem of practical importance is the characterization of the field of a
short dipole above a rough surface. Consider an infinitesimal current element given by
Qé(r — r’) where Q denotes the polarization of the dipole antenna, and r' represents
the location of the dipole. At the observation point, r, the direct radiated field from the

dipole is given by [5]

EY(r, 1) =22 {[‘1 ”’“"RJ“’“ZRz]Q + [3 "3"’“°R“’“3R2} Q- R)R} . (29)

"~ dnky R3 R

where R =r —r' and R = |R|. For z < z/, (24) can be expressed in terms of integral of
plane waves given by

__kOZO ikl.(ﬁ—p_') A - , r
Ed(r’ r,) = 872 /dzkli_k_—'—— [h(_kz)h’(_kz) + ﬁ(_kz)i}(_kz)] -Q e the (===
(25)

The mean field can be obtained by evaluating the integral of the mean fields corresponding
to each individual plane wave and is given by

g ' —koZo 2 e~ sf (L
(EPQ(I‘, r )) = 87r2 d k_[_ k EPQ(r’ k, I\ ) (26)
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where ko= ky A4 bz and K o= ky ~ k2, Substituting (13) into (26), it is found that

(:ni;,( tt ')

’ ’ . 7y ’ ‘/rf,,Z,,
(Fipr¥')) = = P B0, 2(d — )2 4 ) 4 - //.,-,,,//.:,,

8mw?

vz

V]
{ (1 + 1) 05 (kpy d)e ™2 Ph(k,) + (1 + R, )Co(kpy d)e™ %4 Py (k, )} ,
(27)

Equation (27) is obtained by noting that the reflection coefficients are azimuthally sym-
metric and therefore the integration with respect to ¢ is carried out analytically and are
expressed in terms of Pj(k,) and F3(k,) which are given in (A.3) and (A.4), respectively.
The integral in (27) is a Sommerfeld type. When both r and r' are close to the ground
and far from each other, the first term on the right-hand side, which can be viewed as
the negative image source, dominates. This results in a destructive interference with
the direct wave, and hence the surface waves, which is accounted for in the integral of
(27), become dominant. The integral in (27) can also be written in terms of asymptotic
expressions available in literatures [6]. The numerical technique for the evaluation of the
Sommerfeld integral is not discussed here. Interested readers are referred to [7]. Here
the objective is to investigate the significance of the rough surface which are included in
the integral in (27) and in the incoherent scattered field.

. The first-order incoherent scattered field is written in terms of superposition of inco-
herent scattered fields:

e—iK-r'

k.

EfQ(r,r) =$ / &k, Ex(r,k,K) (28)

from which the incoherent scattering power is obtained and given by
ngg ' " e (K" —K]r!
64 / A kL (k)

[ resialies 1) Izl + K — K KWL~ 1) . (29)

(EE (r,x)?) =

Note that the integral in (29) is six-fold which is extremely difficult to evaluate numer-
ically. Practically, the distance between the dipole and the observation point is large,
which can be used to simplify (29). Suppose r = 23 and [t'| >> A. Using the stationary
phase approximation to evaluate the integrals on k', and k', the incoherent scattering
power can be obtained from

A |2 "
IPQ(kL,—AO{Z)’ ”/(k_l_'*-ko&) (30)

k272 .
E»y(l) 15)]2) ay_0%0 / 2

8m2|r|?




Numerical simulations have been performed to demonstrate the effect of the surface
roughness. Consider the rough surface of previous example with parameters ¢ = 8 + 11,
ks = 0.3, kl = 3.0, and exponential correlation function. Suppose the infinitesimal
current source is placed at 0.2X above the surface at a location r' = z'2' + y'§' + 0.202/,
and the observation point is at (0,0,0.2)). Figures 6(a) (Q =P =2) and (b) (Q=P =
i) show different components comprising the received power versus the radial distance
(v/z'* 4+ y'*) between the current source and the observation point. It is shown that, as
the distance increases, the reflection coefficients approach to —1, and the coherent ground
contribution cancel the direct wave. Note that as the incidence angle approaches 90°, the
effect of the surface roughness on the coherent field becomes insignificant, as explained
previously when stating the Rayleigh criterion. Under this circumstance, the dominant
propagation mechanism is the coherent and incoherent surface waves. H-polarized surface
waves attenuate rapidly [8]. Therefore, in Fig. 6(b), the surface wave is less significant
than that in Fig. 6(a), and the total field shows obvious interference phenomenon between
the direct wave and reflected wave. The incoherent rough surface scattering is found to
be somewhat insignificant in both cases, which was also predicted in Fig. 3 at high
incidence angles.

In the next simulation, the distance between source and observation point is fixed at
20, but the source point is moved on a circle of radius 20\ in the x-z plane, as shown
in Fig. 7. As before, the observation point is at (0,0,0.2)). However the source is
at (20Asin 0,0,0.2) + 20X cos §) with 6 € [0,90°]. Figure 8(a) shows the coherent and
incoherent powers with Q = P = h = 7. When 8 approaches 90°, the direct field and
ground reflected field interfere with each other destructively, but the total coherent field
is still about 10 dB higher than the incoherent field. In Figs. 8(b) and (c), choosing
Q = 9 = (—sinb,0,cos§) whereas P = # in Fig. 8(b) and P = 2 in Fig. 8(c). and
Fig. (c)( #) show the components of the received power. Note that in both simulations,
the polarizations at the observation point are not suitable to receive the ground reflected
waves, which should be (sin 8,0, cos @). Thus, the direct field dominates. When Q and
P become perpendicular to each other, the coherent field diminishes, and the incoherent
field becomes significant.

5 Conclusions

The radiation of a short electric dipole above a slightly rough surface is studied. This
investigation is a natural extension of the classical Sommerfeld problem with the ex-
ception of the random surface irregularities at the interface between the two dielectric
media. In this paper, the formulation for the near scattered field from a slightly rough
surface when illuminated by plane waves is developed first. A perturbation technique is
applied to solve the integral equation for the induced polarization current. Analytical
expressions for the coherent field (mean-field) and incoherent scattered power at an ar-
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bitrary obscrvation point, including points ncar the interface, arc obtained. Simulations
show that while the coherent scattered field generally dominates, the incoherent scattered
ficld is ouly essential around the Brewster angle for ve-polarization. The phenomenon of
depolarization caused by the incoherent rough-surface scattering are also studied. Gen-
crally, the incoherent scattered field become more significant as the observation point
approaches the interface. Then the solutions for the mean-field and incoherent scattered
power generated by a small dipole of arbitrary orientation and position are derived by
expanding the field of the dipole in terms of a continuous spectrum of plane waves and
using superposition. Although it is found that the direct and coherent reflected (reflected
+ surface waves) fields are dominant in most cases, the incoherent scattering could be
important, when the path along the line of sight is obscured.

Acknowledgment: This research was supported by Army Research Office under con-
tract DAAG55-98-10-0458.



Appendix

The expression for the Nth order polarization currents are given by

- k2 (¢ . .
Tna(ky, 2) =2T(—-—E——)C"(k 2) [VN-h(k,)] :
- koki (€ — 1 _—
Ini(ky, 2) =1{?‘q—(_fﬁl—lcg(k,z) [VN-U(—kz)] ,
- ok,
where
N-1N-n-1 /N—n-1 -
_ ( )(Zl\, ) aN n-m-—1 ~
VN_; ,;) (N =n) [8(2’)N =z Inks, ) ®F ko)

where * is the convolution operator, F(k,) is the Fourier transform of f(z',y’), and &

n r———————
represents n-fold self-convolution (QF = F * F x--- % F).
The second-order expressions for reflection coefficients used in (18) are given by

o { 25 Rk, Cl (K, d)C{‘(k d)+ 5 [C0 (k,d)(k, — k1))’

o cz;(k',d) cos’(¢} — ) | kLK., CY(K, d)sin®(d; — )
JECAUCRN [ MAR, T R(E AR ]
(A.1)
@) _ —2ik,d) 2(e= 1)1 — R) (K, - ) v
R? =k, e { s Y e2c(k,d)CY (k, d)

1 ']
+oms(e— 0 (1= Ry [EEWK, - k)
KIS, )C3(0cd)sin(, — ) KM C3(K dICH (K, ) cos (i — 94)
kL + kK, ek! + ki,
| ARG Dt~ 4]
Faa(ek, + L)

2k, _—
H(Ry = 1) =k, d / PR W (K, — k)

E'zk,CY(K', d)C§(k, d) cos(¢}, — ¢x) 4 ki k,CY (K, d)Cy(k,d) cos®(dx — ¢'%)
ekl + ki, kiz(ek; + ki)

(A.2)
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The integrands in (27) are given by

V1.4
Ijé(kp) =/dd) [P . it(kz)il.(-—-l;z) -Q etk (p=4)

"W(/’ Q= + P,Qy) Jolk,(1p = 7))
+7 [(PzQz — P,Qy) cos(2¢4') + (P-Q, + Psz)Sin(2¢')} Ja(ko(lp — 7)) (A.3)

2

Py(k,) =/d¢[P-ﬁ(k,)z‘z(—kz).Q] ek (5-5)
0
kz [QUP Q. — k2 (P:Qz + P,Qy)] Jo(k,(l6 — 1))
27rk k,,

[(P2Q: — P.Q:)cos ¢’ + (B,Q: — P.Qy)sin ¢ Ji(k, (|7 — 7))

t (:—) [(P.Q. — P,Q,) cos(2¢') + (P:Q, + P,Q:)sin(2¢")] Ja(k, (15 — 7']))
(A1)

; _- -1 (z-2'
= COS .4
¢ RN
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Figure 2: The magnitude of the reflection coefficients in (14) versus incidence angle. The
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reflectivities are plotted for different observation point heights.
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Abstract

In this paper, the problem of electromagnetic wave propagation in a realis-
tic forest environment at HF through UHF bands is considered. In particular,
the effect of the non-planar interface between the air and the canopy, which
has been ignored in the previous models, is examined. An analytical formula-
tion is obtained for the mean field when both the transmitter and receiver are
within the foliage. This formulation is based on distorted Born approximation
and accounts for the surface roughness that exists between the canopy and air
interface. It is shown that the surface roughness attenuates the so called lat-
eral wave which is the dominated source of the field at the receiver locations
far from the transmitter. It is also shown that this attenuation rate increases
when the rms height of the surface roughness is increased.

1 Introduction

With recent progress in wireless technology and ever increasing demand for reliable
low power wireless systems, the need for predicting system performance has been
become an extremely important step in the design of such systems. At HF through
UHF, the channel characteristics such as attenuation, and multi-path fading statistics
significantly affect the performance of wireless systems. Prediction of the channel
characteristics can be accomplished using physics based propagation models. For
this purpose precise diffraction models must be developed and incorporated with
accurate terrain data base to construct a realistic propagation model.

Since a large portion of earth’s surface is covered with vegetation, understanding
of electromagnetic wave propagation through foliage is of great importance in devel-
opment of a comprehensive physics based propagation model. It is well known that
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at HF through UHF frequencies the direct propagation between two distant points
within a forest experiences significantly less attenuation than that predicted by mod-
els. That is the predicted attenuation of the direct wave far exceeds the attenuation
values obtained from experimental results. A very interesting model that describes
the phenomena and attributes the wave propagation in forest to lateral wave was first
developed by Tamir [2]. In this approach, the forest is modeled by a homogeneous
half-space dielectric medium with a planar interface and a permittivity equal to the
effective dielectric constant of the foliage medium. This effective dielectric constant
can be obtained using a dielectric mixing formula [3] or the formulation for calcula-
tion of propagation constant in random media [4, 5, 6]. The former is appropriate for
low frequencies when typical dimensions of the constitutive particles are small com-
pared to the wavelength whereas the latter is useful for sparse media and accounts
for scattering losses. Tamir’s formulation gives the field of dipole within the effec-
tive medium at an observation point near the interface using an asymptotic integral
evaluation [11, 12]. This solution shows that the field at the observation point is
dominated by a ray emanated from the source point and traveled in the direction of
the critical angle toward the interface and along the interface before leaving it in the
direction of critical angle, in order to reach the observation point. Due to renewed in-
terest in wireless communications at HF through UHF, recently the problem of wave
propagation in forested areas has gained some prominence. The origin Tamir’s model
is extended in [7, 8, 9] by representing the forest by a two-layer anisotropic dielectric
medium. These models accounts for the anisotropy that exists in the trunk layer and
to a much lesser extent in the canopy layer. It is shown that upto UHF frequencies
the effect of anisotropy can be ignored [7].

In reality, the interface between forest canopies and air is not flat, hence it is not
clear whether the lateral wave can be excited and of it can how the surface rough-
ness affects it. In this paper, the effect of roughness of interface between canopy and
air on the wave propagation in forested area is investigated. In section 2, analytical
formulation using the volumetric integral equation in conjunction with the distorted
Born approximation is presented. An expression for the mean-field of an infinitesimal
dipole of arbitrary orientation is derived by obtaining a partial second order solu-
tion of the Born approximation. In section3, a sensitivity analysis is carried out to
demonstrate the variations of the mean-field to physical parameters such as a effective
permittivity, location of the dipole and observation points, and surface roughness.



2 Analytical Formulation

In this section, an analytical formulation for the evaluation of mean field generated
by a small dipole in a homogeneous half-space dielectric medium with rough interface
is derived. The effective permittivity of forest canopies is slightly higher than that of
free space since the vegetation particle density is very small [2]. In this case, distorted
Born approximation may be used to evaluate the scattered fields. The geometry of
the diffraction problem is shown in Fig.1 where the dipole and the observation point,
are respectively located at h and A’ inside a canopy with effective dielectric constant
€1. The envelope of the canopy-air interface is denoted by a random process, d(z,y).
The permittivity of the upper medium(air) is denoted by ¢;. We modify the problem
by extending the canopy toz = 0 plane and assume that in this reglon there exists a
volumetric polarization current J =ik, Y (g2 — el)Et where Et = E' + E" + E*. The
unknown total internal field can be obtained from the following integral equation

o 00 0 _ .
B(7) = B{(7) + B (7) + k2 e2 — 1) / / / (7, 7B (7)) do'dy d='
—oo J ~ Y)

where E is the incident field, E" is the reflected wave from the planar interface, z
= 0 and, E® is the scattered field generated by J itself and G is the dyadic Green’s
function of the half space dielectric medium(see(2) (1, 10}).

To the first order in (¢, — €;), the Born approximation can be used to the scattered
field

B = 62—61)/ / /d(z,y)é (7, 7) - [Bi(7) + Br(@)de'dy'ds (1)

In (1), d(z,y) is a two dimensional random process describing the interface between
the canopy and air and is assumed to be Gaussian with a mean value of m(a positive

number) and a standard deviation of o. Noting that the z-dependence of E and
E" are of the form of exp(djki 2’), where ki, = \/ k} — ki? — ki?, the integration
with respect to z’ can be carried out analytically. This integration would result in
an algebraic expression in terms of d(z,y) which is amenable for the calculation of

statistical average of Es. It i is shown that distorted Born approximation provides
a more accurate solution for E*. In this approximation, a phase correction term is
incorporated into the approximate expressions for the internal field to account for
the difference in the propagation constant between the air and the canopy. The
explicit expressions for the incident and reflected fields, including the appropriate
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phase correction terms for a plane wave illumination, are given by

i — I‘A,(k;':)ei[k;r’+k;y'+k;:'] eiksa =k )m (2)

Er — P(__k;':)Rv'hei[kir'-i-k;y'—-k:._:'] . ei(kéz—k;__)m (3)

A

where P(k;.) is a unit vector indicating polarization of the incident wave (P=vor
h) and R, is the Fresnel reflection coefficient for vertical or horizontal polarization.
The unit horizontal and vertical polarization vectors are defined with respect to the
plane of incident and given by

) ki x 3 5

h(k:.) = —= ,
e = e

b(krs) = hikiz) x K, (~ki) = h(k) x K,

where K = ki — 2(ki x )z denotes the direction of the reflected wave.

Since the layer thickness is not uniform, the phase correction terms in (2) and (3)
are chosen for a layer with a uniform thickness m. The dyadic Green’s function for
the half-space dielectric medium when z < 2’(observation point inside the foliage) is
given by [1, 10]

= 5 F— ) * o : ’ ' 1 A &
G=-p27) 1 / / dkodk et RO L f( ) [Ryh(hs)-
k? 871'2 —00 J —00 1z
e bk )| 4 0(— i) [Rob(in)em e 4 o(—ky,)etie | L et
(4)
After substituting (4) into (1), the integration with respect to z’ is carried out an-
alytically. After performing this integration, evaluation of (E°) is attempted which

requires computation of the term like (e*7*?). Assuming a Gaussian p.d.f. for d, it
can easily be shown that

, jsm _g%s? . o5 _g2s*? ~gs*
(e]5d> = e]T- [6 2 GTfC(—] \/_5) +e 2 erfc(.?_ﬁ):' (5)
(et = 52 [em 2 en el —j255) + e Henel2) ©)
2 \/5 \/5

where complex variable, s can be either s; = kj, + ki, or s, = ki, — ki_, and erfe(")
is the complementary error function defined by [13]:

9 o 0 )
erfe(z) =1— -—\7_7; [/ e~V dt + je_"’2 /ﬁ et2+12°tdt]
0 -



where z = a + j,3.
Noting that erfec(yjz) = 1 — -—]f e’dt for real x. it can readily be shown that

—jsm— 2ot

(e77*?) reduces to the more familiar expression, {(e77*¢) = ¢ 7.

The integration with respect to z’ and y’ can now be carried out analytically which
results in J(kx—k;)-é(ky—k;). This, in turn, simplifies the integration with respect to
k; and k,. The final result is a plane wave propagating along k]. Hence the total field
in medium 2 is the sum of two plane waves: 1) the reflected wave at the hypothetical
planar interface at z = 0, and 2) the mean scattered field. Hence to the first order in

ko2(€2 —51),

Et = Fr + (Es) 2 (Ryes + R(l) )ei[k§Iz+k;’yy—k;‘zz] (7)

Born

where R,.; is the Fresnel reflection coeflicient for the canopy-air boundary.
After some algebraic manipulations, the first order reflection coeflicients (referenced
to z = 0 plane) for the mean field are obtained and given by

. ) ) 2 _ 2
ngl) =(€2 _51) —l—(l _ R12} + R3(8151d> _ (e—zsld» . k, k.
orn(v) 2‘1312 81 €1
R _ ‘ (8)
+_S_U_(<ezsgd> _ <6—152d>)k02} eiszm
2

2

T E L R T R )

R, - 1 : . (9)
+_((ezszd> _ <e—182d>)} ezszm

S2
Close examination of Rggm reveals that R,.;+ Rporn is accurate enough for horizontal
polarization, but it cannot accurately predict the Brewster angle for the vertical
polarization. To rectify this difficulty, higher order solutions must be obtained. This is
accomplished by obtaining a partial second order solution for the vertical polarization.
The second order solution for E* is given by

EO(F) = ki(ey — &1)? / G(7,7) { / G(77) - [Bi(7) + E'(7 )]}dv'dv (10)

Using only —zzi—q—l term of the dyadic Green’s function (see[4]) in the integrand of
the inner mtegral a partla.l second order solution is obtained.

B9 = b2 (G [o2 @+ B @ ()



The complexity of this integral is of the same order as that of (1) and the ensemble
average of E1%) can be obtained in a manner similar to what was used in computation
of (l:js(”). Including the partial second-order term, the reflection coefficient for the
vertical polarization is modified as follows.

(1.5) _(52"'51) & ispd\ 7 —ispd\y 8—1]92 ki 2
R =2 e ety - oty (a1

1 . A (12)
+—(1 - R+ Ri(e’s‘d) - (e—'s‘d)) ( kp kL )} iszm

S1 €2

where k,? = kﬂ + kz’f. Now it can easily be shown that at Brewster angle where
— (1.5) ;
R,=0,R vanishes also.

HavmgBﬁ;;Iz)d an approximate analytical solution for a plane wave excitation, the
solution for an infinitesimal dipole embedded within the foliage can be obtained by
expanding the field of the dipole in terms of a continuous angular spectrum of plane
waves. Without loss of generahty, consider a dipole, whose orientation is denoted by
a unit vector I, located at rp = —(h + m)z. The field of this dipole within a uniform

medium with permittivity ¢; can be expressed by [10]

" — ITkoZo = I‘?k-‘ 7 i(m+-h)ki il'c';'-f‘vi i
T R R RS

where I is the amplitude of the sinusoidal current carried by the dipole. The integrand
1k oF

of (13) can be regarded as Ege?*i ™ where

. ThZo 1 [, (K-DE
Bo =~ &, [l R

is the amplitude of each plane wave propagating along kAi = k—i /k1. Using superpo-
sition, the mean scattered field in the presence of the upper free-space medium with
rough interface, can be computed from the coherent sum of all reflected plane waves.
That is

Ik Z ~ A A . A .
()~ B - 2 [ [ [(-soRs ) RED + (- A(-H)(k) RE)
. -—zklz(z m— h)ez(k'x+k'y)dkz dkz
(14)




where f],ef is the field of the dipole in the presence of the upper free-space medium

with a planar interface at z = 0. The expression for E,.; is similar to the integrand in
(14) with the exception that Rp is replaced with R,.;. Using the change of variables

T = pcosy, Yy = psiny
ky =k,cosvy, k,=k,siny

and making the use of the following identities
27 .
/ cos myee? (v dy = 2mi™ cos mepJom (k,p)
0
2 )
/ sin mye*eP =" gy = 2™ sin mepJ, (k,p),
0

the integral in (14) can be simplified to

. IkoZ, ) k e—ik1z(z—m—h) R(l)
(Br) = 2 [ a2 B4 (Jo(kyp) + Jalkyp) cos 20

_ RUS) 2
+ Ja(kop) sin 2l } + ;:;f {==57(Jo(kop) = Ja(kop) cos 2)l
1

2 (1)

k . . ., |R
+—5—"—Jz(kpp) sin 2¢ly — 1kyk1, cos Wl(kpp)lz}] T+ [%{Jz(kpp)-

: RUS 2
sin 21y + (Jo(k,p) — J2(kpp) cos 2¢0)1, } + kf {52 2(kop) -

. k? . . .
sin 2pl, — ——215(J0(k,,p) + Jo(k,p) cos 2¢)l, — ik, k;, sin (,o.]l(kpp)lz}] g
(1.5)

+ Bv
ki

[tk,kyz(cos ol + sin @l,)J1 (k,p) + szo(kpp)lz]é}
(15)

Obviously a similar expression can be obtained for Ere 7. As will be shown later, the
accuracy of the distorted Born approximation degrades as the mean height m and/or
the normalized permittivity difference £=22 increase. To rectify this problem to some
extant, we use the fact that an exact solution is available for a planar dielectric
interface. In fact for a plane interface(oc = 0) at z = —m, for the reflection coefficient



of each plane we have
Rezact(0 = 0) = Ryyeism
Hence, for a rough interface, we may write
Revact(0) % Rezact(0 = 0) = Rporn(0 = 0) + Rpora(0) (16)
and substituting (16) into (15), the modified solution is given by:

(Ez:z:act( )) ~ E—iexad(a = 0) Born(a - 0) + <EBorn( )) (17)

3 Asymptotic Evaluation

In the previous section, an closed form solution for the mean-field of a dipole inside
a dielectric medium with rough interface was obtained. When the radial distance
between the observation point and the source point(p) is large, the integrand becomes
highly oscillatory and therefore accurate numerical evaluation of the integral becomes
extremely inefficient. This is especially true when both points are near the interface.
The standard approach is to change the contour of the integral of integration by
first extending the limit of the integral over the entire real axis(—o00,00) and then
using a change of variable k, = k;sinw. An approximate analytical expansion can
be obtained by applying the standard technique of the steepest descent [11, 12]. The
expressions for the reflection coeflicients, in the w-plane, take the following forms

COS'LU—\/K,—SIII2'LU /ccosw—'\/n——sin2w

Ry = =
cosw + vk —sinw’ /ccosw-}-\/n—sinzw
Where k = 2 < 1. These introduce a branch cut (with the branch point at w, =

/3 ) in the w-plane which may be encountered by the steepest descent path.
In this case, diffracted field is dominated by the saddle point and the branch cut
contribution. Hence, in general, each component of the diffracted field may be written
as

E;~ I, + U(Hs - 0,_-)[30 (18)

where I, and Ipc represent the saddle point and the branch cut contributions respec-
tively and U(-) is the Heaviside step function, 6, is the saddle point, and 6. is given
by

0. = Re{ws} — cos™! [sech(Im{w;})]



The saddle point contribution can be obtained rather easily. The saddle points cor-

responding to the integrand of (14) is w, = 6, where sinf,, = £, cosf, = 2t~

ri2’ r

cosf, = h—*’i‘r’—:—z——"l, ri=+/p*+ (h+ k') and ry = \/p? + (h + A’ + 2m)?. The saddle

point contribution is found to be
IkoZO e‘j""”

]

El.sad ~—j [ {Rhaih + R, cos? 0,a;,+ cospsin20, R 1.} +
8w ) (19)
e—Tkir2
{Rhain + Rp, cos® §5a;,+ cos psin20,Rp,l.}]
T2
for subscript i = x or y, and
azn = (1 —cos2p)l; —sin2pl,, az, = —(1+sin2¢)l, — sin2pl,,
ayn, = —sin2pl; + (14 cos2p)ly, ay, = —sin2pl, — (1 — cos 2p)l,.
The z component of the field is given by
ITkoZ —ikiry
Ej“d ~ (;_ 0 [R, sin 6, ¢ . {cos pl; + sinpl, +sin 6,1, } +
l.k (20)
e"] 172
Rp, sin 6, {cos ol + sin pl, + sin 6,1, }]

In (18) and (19), the Fresnel (R,,R)) and Born (BBh,Rgf)) reflection coeflicients are
evaluated at the saddle point. Evaluation of the branch cut is far more complex. In
this case, the integral is expanded near the branch cut and the contour is deformed
to the steepest descent at the branch cut using a change of variables [11]

cos(w — ) = cos(wp — ) + js°
After much algebra, the branch cut contribution of (14) is given by

17, [27sinw,
167

Ebre o U(6, — 0.) f1 { R}, a:n + R.cos*wya;,+ cospcos2w,R 1.} +
i h v v

U(02 = 8 fo { Rignain + RS costunain+ cos o cos 2wbRgf)’lz}]
(21)

for the x, and y components, and

_1z 2—]-sin3/2wb U6, -6.)fiR,+ U(6; — GC)nggf)l] .

Ebra ~
# 8r \| p

(22)

{coswy (cos pl, +sinpl,) — sinwyl,}



—skyr, cos(wy—~6,) -y
ot and RR), RO and

LEA
R’g,, are coefficients of the linear term in the Taylor expansion of the each reflection

coeflicient at the branch point given by

for the z component. In (21) and (22). f; =

R:J = _kczgwb’ R;I = —cozs‘iub
1.5)/ 20—t k2(ea—e
R(Bv) = m (gu1 + gv2)’ bh = 5%% (gh1 + ghz)
where
ADa [(k =2)C ) . 'B
Gy = « (h ) _32k1m6—12k1mcoswb + __C’_] ,
kycoswy | Kk cosws Aa
AEa . 4—-xC CB
Gvo = —— |72k;m — — ,
kycoswy | Kcoswy, Aa
Aa [BC : C
—_ _ 2]€ —j2kymcoswy, __
I ki cosw, | Aa Jemme cos wb] ’
Ao [ ok 44+C BC
= —————— m — — e
gh2 k; cos wy _‘7 ! coswp, Ao«
and

oo

2
A = Re{h(ws) —1}, B:Re{h(wb)aTaklcoswb— 7=t

2

C = 1—e?himeesw D — k2 cos? wy, + —L sin® wy,
K

k2 . 202 wc2 .ok, coswy
E = —klcos®w,+ —Lsin®wy, h(wy) = e 7 Ko w/2epfo(_ g " 2)

K V2

7 sin 2wy
a = TS
sin(w, — 6)

The above formulation is valid when the observation point 8 is away from the complex
critical angle. It can easily be shown that this formulation reduces to the flat boundary
case by letting o go to zero. In this case, h(w;) = 1 which reduces A and consequently

Rgl',s)l and Ry, to zero. The remaining terms in (21) and (22) would be the branch
cut contribution from a flat boundary. To extend the valid region to observation point
near the critical point, (18) may be modified as

E;, ~I + ’U,(O — Oc)IBC . F(,B) (23)
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where F'(3) is a correction factor. This function can be obtained by retaining higher
order terms of the Taylor series expansion of the integrand near the branch cut. For a
dielectric with flat interface, F'(3) is represented by the Weber or parabolic cylinder
function as

F(3) = ej(ﬂ2/2+37r/8)(252)3/40_3/2([3 + 78)

where 8 = 2/k;r; sin ﬁfoﬁ. Here D_3/,(8 + 783) is Weber function of order -3/2 and
is defined as [11, 12],

_ 2e* /4

D,(z) =

/oo t—2n—le—(z+t2)2/2dt

I'(=n) Jo

As 3 increases, F'(f3) approaches unity and (23) reduces to (18). It is, however,
extremely difficult to modify the formulation for a rough boundary in such simple
manner as the higher order derivative of the special functions in the integrand are
difficult to evaluate. The asymptotic expressions clearly indicate that the diffracted
field due to the branch cut contribution (see(21) and (22)) decays as 1/p? whereas the
saddle point contribution decays exponentially (e’*"/r). Hence for far observation
points the lateral wave is the dominant source of the diffracted field. As will be shown
later, the lateral wave for rough boundaries are weaker (depending on koo) than the
lateral wave for a flat boundary.

4 Numerical Simulation

In this section, numerical examples are considered to examine the validity of the so-
lution based on distorted Born approximation and to demonstrate the sensitivity of
the field intensity at the observation point to the canopy parameters such as effective
dielectric constant, canopy-air interface roughness, and transmitter and receiver posi-
tions. In the following simulations, the transmitter dipole is assumed to be operating
at f=30MHz having I/ = 1. To examine the effect of transmitter polarization, a verti-
cal dipole (I = 2) and a horizontal dipole ({ = §}) are considered in a canopy with e; =
1.03+j0.006, and flat interface at A~=3m (0.3)). Figure 2(a) and 2(b) show the three
components of the diffracted electric field (excluding the direct field contribution from
the dipole) as a function of distance for a observation point 3m below the interface (A’
= 3m) for the vertical and horizontal dipole respectively. Also shown in these figures
are the results obtained from the asymptotic evaluation(see (18-22) for koo = 0).
From these figures, it is obvious that the field of a vertical dipole experiences far less
propagation loss than the field of a horizontal dipole.

11



Figure 3 shows the vertical component of the total field (diffracted plus the direct
field) of a vertical dipole as a function of distance when h = 2m (0.2A) and 2’ = Im
(0.1X) for three different values of ;. In this simulation, the imaginary part of &,
is kept constant and the real part is changed from 1.01 to 1.05. Figure 4 shows a
simulation similar to that of Fig.3 with the exception that here the real part of the
effective permittivity is kept constant and the imaginary part is increased. The total
field calculation for Figs. 3 and 4 is accomplished using a numerical integration for
the observation points as far as 2km and for the further point the asymptotic method
is used. As expected, the propagation loss increases with increasing the imaginary
part of ;. Next we examine the effect of location of transmitter and receiver in the
canopy. It should be noted that the dependence of the field on h and A’ is of the form,
h + h'. Figure 5 show the dependence of the field of a vertical dipole as a function of
ko(h + h') for three different permittivity values at fixed lateral distance (p = 2.8km).
Unless the observation and source points are very close to the surface, the field decays
exponentially as a function of ko(h + k') with an exponential factor proportional to
Im[v/1 — «].

To examine the accuracy of the distorted Born solution, a vegetation layer with
smooth boundary is considered (¢ = 0, and a non-zero m). For this case an exact
solution exists. First the Fresnel reflection coeflicients are considered. Figure 6(a) and
6(b) compare the magnitude and phase of the phase compensated Fresnel reflection
coefficient( Rye?*12™) of a dielectric interface with ¢; = 1.03 + 50.005 at m = 0.6\
with those computed by the approximate distorted Born solution for perpendicular
polarization. The computations are performed at 30MHz for two different values of ¢,
and two different layer thickness values as a function of sin 8; = k,/ko. Similar results
for parallel polarization are shown in Fig.7(a) and 7(b). Their errors in magnitude
and phase do not exceed 5% and 5° respectively. The accuracy of the distorted Born
approximation degrades as the dielectric constant and layer thickness(m) increases.
To determine the region of validity of this solution, the exact solution was compared
with the distorted Born approximate solution for a wide range of €, and m. It was
found that the accuracy of the approximate solution improves as the imaginary part
of the dielectric constant increases. To specialize the region of validity to the problem
at hand and lower the number of independent variable, we considered a canopy with
vegetation particle permittivity €, = 50 + 725 and used Polder Van Santer dielectric
mixing formula [3] to compute the effective dielectric constant ¢; from

€y — 1
Ev+251

&1 — 1
361

f=
where f is the volume fraction. Tolerating 5% error in magnitude and 5° error in
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phase of the reflection coefficient, the region under curve shown in Fig.8 denotes
values of m and ¢; where the distorted Born approximation produces valid results
for the reflection coefficients. With a confidence in the formulation of the distorted
Born approximation, the effect of surface roughness on the reflection coefficient is
considered next. Figure 9(a)(perpendicular polarization) and 9(b)(parallel polariza-
tion) show the magnitude of reflection coefficients as a function of k,/ky = siné;
and two different values of surface rms height ¢ = 7/10 and ¢ = 7 /5. In these
simulations, ¢; = 1.03 + 70.015 and m was chosen to be 20. It is shown that the
reflection coefficient is drastically reduced by the surface roughness for low incident
angle and for large value of k,/ky. The reduction in reflection coefficient is less promi-
nent near the critical angle. This property is very important so far as the field of a
dipole is concerned since a significant portion of the contribution of the integrand to
the integral comes from this point. Figure 10 shows the magnitude of the reflection
coefficient for both polarizations versus normalized surface rms height for a canopy
with £, = 1.03 + 70.015 at 30MHz. Figure 11 compares the field of a vertical dipole
(h = 0.2X, b’ = 0.1)) obtained using exact solution and the approximate distorted
Born solution in a canopy with &; = 1.01 4 70.006 and two different values, m = \/4
and m = A/2 at 30MHz where an excellent agreement is shown. A similar compari-
son is shown in Fig.12 where the effect of imaginary part of the dielectric constant is
examined. The effect of surface roughness is shown in Figures 13 and 14. Vertical and
horizontal(! = §) dipole in a canopy with ¢; = 1.01 + j0.006 and &; = 1.03 + 50.015
and three different values of surface rms height, 0 = 0, ¢ = A/2, and ¢ = X are
considered (observation point at ¢ = 45%). It is shown that the surface roughness
reduces the field intensity which is a function of the surface rms height. It is very
interesting to note that despite relatively significant surface rms height, lateral wave
is still the dominant source of the field in a forested area. This can be attributed
to the fact that most contribution of the mean field comes from the integrand of the
equation(15) for values of k,/ko near the critical angle. As shown before the value
of the reflection coefficient near the critical angle does not experience a significant
reduction due to the surface rms height.

5 Conclusion

The effect of canopy-air interface roughness on the propagation of electomagnetic
waves in forested environment was investigated in this paper. An analytic formula-
tions that takes effect of the rough boundary into account, are obtained for both cases
of plane wave and an arbitrary oriented dipole excitation. The solution is obtained

13




using distorted Born approximation to a volumetric integral equation for the induced
polarization current in a hypothetical layer above the canopy. This formulation was
validated by comparing the approximate results with the exact results in the special
case of smooth interface. It is shown that the canopy-air interface roughness reduces
the mean field surface reflectivity drastically for plane wave illumination at incident
angles below the critical angle. A significant result of plane wave simulations was
the discovery of the fact that the mean surface reflectivity near the critical angle is
not drastically affected by the surface roughness, thereby allowing the propagation of
the lateral wave despite significant dielectric interface roughness. Direct simulations
of the field of an arbitrary dipole in a forest with different effective permittivity and
surface roughness show that the field at the observation point is anywhere between 0
to 10dB lower than that for a smooth air-canopy interface dependent on the value of
the rms height surface roughness(kqo).
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Foliage
Envelope €, is replaced with g
plus a polarization current

€2

P

Figure 1: A short dipole embedded in a forest canopy with rough interface modeled
by an effective dielectric constant €;,. A layer above the canopy is, equivalently,
replaced with a dielectric slab with planar interface(z = 0 plane) and permittivity ¢;

in addition to a polarization current, J= 1k Yi(ez — el)ﬁt.
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Figure 2: The diffracted field intensity components (see (15))for a vertical(a) and
horizontal(b) dipole in a canopy with £; = 1.03 + j0.006 with a smooth boundary (o =
0) , A = 3m, A’ = 3m at 30 MHz. The results are obtained with the approximation
solution obtained from the asymptotic integral evaluation.
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Figure 3: Electric field of a vertical dipole as a function of distance in a canopy with
effective permittivity ;. Three different values for ¢, are used, 1.01 + j0.006, 1.03
+ j0.006, 1.05 + j0.006, and the location of the dipole and observation points are
respectively, h = 2m (0.2)), A’ = 1m (0.1)).
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Figure 4: Electric field of a vertical dipole as a function of distance in a canopy
with effective permittivity ;. Three different values for €; are used, 1.03 + j0.006,
1.03 + j0.03, 1.03 + j0.06, and the location of the dipole and observation points are
respectively, h = 2m (0.2}), A’ = 1m (0.12).
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Figure 5: Electric field of a vertical dipole(f=30MHz) in a canopy with effective
dielectric constant ¢; as function of ko(h+A’) at a fixed observation point(p = 2.8km).
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Figure 6: Comparison of the magnitude(a) and phase(b) of exact reflection
coefficient( Re?*12™) with the approximate distorted Born solution(see (8)) for per-
pendicular polarization. Two permittivity values and two mean layer thickness values
are shown as a function of sin; = k, / ko. €; = 1.03+j0.005, and m = 6m (0.6)\)
and the other is for £; = 1.014+j0.005, and m = 10m (A).: frequency is 30MHz.
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Figure 7: Comparison of the magnitude(a) and phase(b) of exact reflection
coefficient( R,e**1:™) with the approximate distorted Born solution(see (9)) for par-
allel polarization. Two permittivity values and two mean layer thickness values are
shown as a function of siné; = k, / ko. €1 = 1.034j0.005, and m = 6m (0.6)A) and
the other is for £; = 1.014j0.005, and m = 10m (A).: frequency is 30MHz.
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Figure 8: The region of validity of the distorted Born approximation (points under
the curve) is shown with regard to the reflection coefficient for 5% error criterion.
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Figure 9: The magnitude of reflection coefficient for perpendicular(a) and parallel(b)
polarizations as a function of k,/ky = siné; for a canopy with ¢, = 1.03+j0.015
assuming flat surface (¢ = 0), ¢ = A/10 (m = A/5), and o = A/5 (m = 2)/5). It
is shown that surface roughness significantly decrease the magnitude of the reflection
coefficient
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Figure 10: Magnitude of reflection coefficient versus normalized rms height(koo) at
the critical angle for a canopy with €; = 1.03 + j0.015, and &; = 1.01 + 70.005 for
perpendicular and parallel polarization.
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Figure 11: Field of a vertical dipole in a canopy with ¢; = 1.01+j0.006 and smooth
interface obtained from the exact solution is compared with distorted Born approx-
imation for two values of m. An operation frequency, 30MHz, and A = 0.2X and
h’ = 0.1\ are assumed.
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Figure 12: Field of a vertical dipole in a canopy with €; = 1.03+j0.006 or 1.03+j0.012
and smooth interface obtained from the exact solution is compared with distorted
Born approximation for fixed value of kgrn = 7/5. An operation frequency, 30MHz,

and A = 0.2) and A’ = 0.1\ are assumed.
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Figure 13: Diffracted field of a vertical dipole in a forest canopy (k = 0.2, &’ = 0.1))

for two different values of e; = 1.01 + j0.006 and &; = 1.03 + j0.015 and for three
different values of surface rms height, 0 =0, 0 = A/2, and ¢ = A.
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Figure 14: Diffracted field of a horizontal dipole(i = ¢) in a forest canopy (h = 0.2),

k" = 0.1) for two different values of ¢; = 1.01 + j0.006 and ¢; = 1.03 + j0.015 and
for three different values of surface rms height, 0 =0, 0 = A/2, and 0 = \.
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Abstract

The problem of wave propagation in forest is revisited. In particular, the effect of the non-planar interface
between the air and the canopy on lateral waves is ezamined. An analytical formulation is obtained for the
mean field when both the transmitter and receiver are within the foliage. This formulation is based on distorted
Born approzimation and is shown that compared to a planar interface, the field of a dipole in a canopy with
rough interface is significantly reduced.

1 Introduction

A generally adopted model of a forest at HF through VHF, that attributes wave propagation in forest to a
lateral wave, was first developed by Tamir [1]. In this approach, the forest is modeled by a homogeneous half-
space dielectric medium with a planar interface. The field of a dipole within this medium was then evaluated at
an observation point near the interface using the asymptotic form of the integral involved. This solution shows
that the field at the observation point is dominated by the so called lateral wave that travels along the flat
canopy-air interface. In reality, however, the interface between forest canopies and air is not flat, hence it is not
clear as to what happens to the lateral wave or whether it can even be excited or not. In this paper, the effect
of roughness of interface between canopy and air on the wave propagation in forest areas is investigated. An
analytical solution is obtained using the volumetric integral equation in conjunction with the distorted Born
approximation.

2 Analytical Formulation

Geometry of the diffraction problem is shown in Fig.1 where the dipole located at heights A and h’ inside
a canopy with effective dielectric constant £;. The envelope of the canopy-air interface is denoted by d(z, y).
The permittivity of the upper medium(air) is denoted by £2. We modify the problem by extending the canopy
to z = 0 plane and assume that there exists a volumetric polarization current J =ik (€2 — sl)ﬁt, where
E! = E' + E" + E°. Here E' is the incident field, E" is the reflected wave from the planar interface and E¢ is
the scattered field generated by J itself. To the first order in (e2 — €1) the Born approximation can be used to
the scattered field

v

- 00 0 0 - - -
B* = ko(ez — 1) / / f oy OO [ ) + B (as'af 1)
—00 J —00 J ~d(z,y

where G is the dyadic Green’s function of the half space dielectric medium [2, 3].

In (1) d(z,y) is a two dimensional random process describing the interface between the canopy and air and is
assumed to be Gaussian with a mean value of m(a positive number) and standard deviation of o. Distorted
Born approximation provides a more accurate solution for E®. In this approximation, a phase correction term is



incorporated into the expressions for the internal field to account for the difference in the propagation constant
between the air and the canopy as seen in the following expression of incident and reflected waves.

Ei — la(ki ) Ik'r'-}-k' vk z r] el(k' —k )m
. 2
E = P(_kiz)Rez[k;r'+k;y’—k;:'] . et (k5. =ki,)m (2)

where P(k;,) is a unit vector (P = ¥ or h) as is defined in [2, 3] and R, is the Fresnel reflection coefficient
for vertical or horizontal polarization.
Since the layer thickness is not uniform, the phase correction terms in (2) are chosen for a layer with a uniform
thickness m. Substituting 2-D Fourier transform of G in (1) and after performing the integration with respect
to 2/, evaluation of (Es) would require computation of the term like (e*75?) which for a Gaussian d are found
to be
isdy €T 282 o2s, g2 .a%s

(@) = Sl Ferfe(-55) + e enfeli ) y

—-sm 2 2 o* 22 2

o2s oS8 ¢°s

(795 = 5o erfe(=i"5) + €T erfeli )

where s can be either s; = k% + klz or s; = ki, —
The integration with respect to z’ and y’ can now be carried out analytically which results in §(k,—kL.)-6(k, k’)
This in turn simplifies the integration w1th respect to k; and k,. Thus the final result is readily obtained as,

E' = B+ (E*) & (Ryes + RE),)e e tHv—H. ()

where R,y is the Fresnel reflection coefficient for the canopy-air boundary at z = 0.

R,y +Rggm is accurate enough for horizontal polarization, but it cannot accurately predict the Brewster angle

for vertical polarization. To rectify this deficiency, higher order solutions must be obtained but it is sufficient
to use only —22'1—2—1 term of the dyadic Green’s function. Thus the partial second order solution can be
obtained and is gwen by

— 2 = = =
B0 = 12 =" (6 (8 4 B 5)
2 v

The ensemble average of E*(15) can be obtained in a manner similar to what was used in computation of (Es(l)).
After some algebraic manipulations, the reflection coefficients for the mean field are obtained and given by

ko’(e2—€1) ;1 1 20, isnd —isid
Born(h) -T{E[Rh ((6 ! > - 1) +1- <€ ! )]

+ (o) — (emindy)peiom

. € € R, s —ts
RED), o =B B ity (it (S 2 41

RV Bty - einty. (2k,? K, D)etom
51 €9
2 i2 i2
where k,° = k" + k7"

Using the above result, the solution for an infinitesimal dipole embedded within the foliage can be obtained
by expanding the field of the dipole in terms of a continuous spectrum of plane waves. Assuming that a dipole,

whose orientation is denoted by a unit vector l is located at rg = —(h + m)%, and using superposition, the
mean scattered field can be computed from the coherent sum of all reflected plane waves. That is
s Ik Z ~ Lt e crrd i i .
<EBom) = — 8701'20/ / (1 5) ( 'i)R(B}})L]e ik}, (z—m h)ez(kzz+kyy)dk$dk;



For more accurate computation. the mean field for a dielectric medium with a rough surface is calculated by.
Ee:cact(a) ~ Ee.‘ract(a = 0) + EBorn(a) - EBorn(U = 0)

where Eemc,(a = 0) is the field of the dipole in the presence of the upper free-space medium with a planar
interface at z = —m.

3 Numerical Simulation

In order to verify the accuracy of the distorted Born approximation, first, the approximate analytical solution
for reflection coefficient of a planar boundary is compared with the exact Fresnel reflection coefficient when a
plane wave is incident at the boundary. We consider a canopy with effective permittivity ¢ = 1.03 + ¢0.001
and the interface between the canopy and air is assumed planar at a distance m = 6[m] from the x-y plane
of the reference coordinate system. Figure 2 and 3 show the comparison between the reflection coefficients
as predicted by the distorted Born approximation and the exact solution for both parallel and perpendicular
polarizations. A very good agreement is obtained for this example. Further sensitivity analysis show that the
accuracy of the distorted Born approximation degrades. Similar behavior is obtained when m is kept fixed and
dielectric constant of the dielectric layer is increased. Next we considered the field of dipole inside a dielectric
layer with € = 1.03 4 10.001 at a depth of 2[m] below the interface. The field is observed at a depth in 1[m]
below the interface as a function of radial distance. The exact solution is compared with the distorted Born
approximation for a chosen value of m = 2[m] at 30[]MHz] in Fig.4. An excellent agreement is obtained. Close
examination of these results indicates a maximum relative error of 2 % between the two solutions. As for
the plane wave illumination simulations, the discrepancy between the distorted Born and the exact solution
increases with increasing m.

With confidence in the distorted Born solution, the effect of the interface roughness on the field can now
be examined. Fig.5 shows the variation of the field as function of radial distance between the transmitter and
the receiver (h = 2[m], A’ = 1[m]) for two cases. In the first case, &; = 1.01 + 0.6 and ko = 3 (roughness
parameter) and the second case, €; = 1.03 + 0.6 and ko = 2. The results are also compared with those had
ko = 0 (flat interface). It is shown that these surface roughnesses reduce the field by a factor of 3-5dB. For
these simulations, we used a p.d.f. for d of the following form f4(d) = ‘/22—7“7 e=4/20 where d can only assume
positive numbers.

4 Conclusions

Analytical formulation for the mean-field of a short dipole embedded in a forest is computed. In this
formulation, the effect of the roughness of the air-canopy interface is taken into account. Distorted Born
approximation is shown to provide a very accurate results for the limiting case when the interface roughness
disappears. Simulated results indicate that the roughness of the interface reduces the contribution of the lateral
waves significantly.
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Abstract

In this paper a preliminary study is carried out to demonstrate the application
of wavelets for improving the computation time and reducing computational memory
required for evaluating the statistics of the scattered field from rough surfaces using the
method of moments in conjunction with a Monte Carlo simulation. In specific, Haar and
the first-order B-spline wavelet basis functions are applied to the MoM formulation of
one-dimensional rough surfaces in order to compare the computation time and sparsity
for wavelets in the same family but of higher order. Since the scattering coefficient (the
second moment of the backscatter field per unit area) is a gentle function of the surface
parameters and the radar attributes, it is demonstrated that a relatively high thresholding
level can be applied to the impedance matrix which leads to a sparser impedance matrix
and faster computation time. It is also shown that applying a high threshold level the
coefficients of the high order wavelets would increase out of proportion, however the effect

of these current components averages out when computing the scattering coefficients.

The resulting sparse impedance matrices are solved efficiently using fast search
routines such as the conjugate gradient method. A systematic study is carried out to
investigate the effect of different threshold levels on the accuracy versus computing speed
criterion. The computed scattering coefficients are compared to previous results com-

puted using a conventional pulse basis function as well as the existing theoretical solutions



for rough surfaces. It is shown that wavelet basis functions provide substantial reductions

in both memory requirements and computation time.

I Introduction

The problem of electromagnetic scattering from rough surfaces has been the sub-
ject of intensive investigation over the past several decades for its application in a number
of important remote sensing problems. Radar remote sensing of the oceans, soil mois-
ture, and mine detection using wideband radars are such examples. For these problems,
where the rough surface is either the primary target or the clutter, the understanding
of interaction of electromagnetic waves with the rough surface is essential for developing
inversion or detection algorithms. An exact analytical solution for random rough surfaces
does not exist. However, approximate analytical solutions exists for rough surfaces with
specific types of surface roughness conditions. For surfaces with small root mean square
(rms) height and slope, the small perturbation method (SPM) is the most commonly
used formalism. Formulations based on SPM exist for perfectly conducting [10], homoge-
neous dielectric [4], and inhomogeneous dielectric [12] rough surfaces. Another classical
solution which is valid for surfaces with large radii of curvature is based on the tangent
plane approximation [15]. The region of validity of these classical approaches are rather
limited. In recent years much effort has been devoted to extend the region of validity of
these models [3, 9], however, the improved techniques still have the basic limitations of

the original models.

An alternative approach for evaluating of the scattered field and its statistics for
rough surfaces is Monte Carlo simulation. In this approach many sample surfaces with
the desired roughness statistics are generated, and then the scattering solution for each
sample surface is obtained using a numerical method. Monte Carlo simulation have
primarily been considered for evaluating performance of and characterizing the region of

validity of approximate analytical models [1, 2, 3, 9]. In general, the limitations of Monte




Carlo simulation of scattering from rough surfaces are the computation time and the
required memory as the typical size of the scatterers (sample surfaces) must be chosen
to be much larger than the wavelength. Another issue is that the rough surfaces are
the targets of infinite extent which must be truncated appropriately before the numerical
scattering solution can be obtained. This can be done either using a tapered illumination
[9], or padding the sample surfaces with a tapered resistive sheet [11]. It has been shown
that with the tapered illumination, larger sample surfaces must be used as a considerable
portion of the induced currents on the surface do not contribute significantly to the
total scattered field. Application of the tapered resistive sheet is advantageous in that
a relatively small portion of the sample surfaces is actually used to suppress the edge

currents. This improves the computation time and reduces the required memory.

In order to use Monte Carlo simulation for evaluating the scattering statistics of
rough surfaces more routinely, computationally more efficient scattering codes must be
developed. In this paper the application of wavelets as a basis function for the expan-
sion of induced surface currents is considered. Traditional method of moments (MoM)
in conjunction with Galerkin’s method would require matrix fill computation time of
the order of N? and matrix inversion computation time of the order of N3 (using Gaus-
sian elimination). It is well known that the solution of linear system of equations can
be obtained far more efliciently using search routines, such as the Conjugate Gradient
method, if the matrix of the coefficients is a sparse matrix. In MoM, the application
of conventional pulse or rooftop basis and testing functions would usually produce full
impedance matrices. Although the diagonal elements are usually larger than the rest of
the elements, the smaller elements cannot be arbitrarily thresholded without drastically
altering the resulting scattering pattern. The success of wavelet expansion function in
generating sparse matrices have been demonstrated for many circuits and antenna prob-
lems [5, 6, 7, 8]. In the Monte Carlo simulation of scattering from rough surfaces the
quantities of interest are the statistical parameters, such as the mean and variance of the

scattered field, and therefore it is expected that the overall accuracy be less sensitive to



the threshold level.

An investigation is conducted on the use of two different types of wavelets with
compact support, Haar and B-spline wavelets with edge wavelets, and the effect of dif-
ferent threshold level with regard to the overall accuracy and the computation time.
The method is applied to one-dimensional perfectly conducting random rough surfaces
to demonstrate the improvements achieved. In the Monte Carlo analysis presented here
the tapered resistive sheet approach is used to suppress the edge current for plane wave
illumination. The numerical results are also compared with the approximate analytical

solutions.

II Integral Formulation of Scattering Problem

In order to characterize both the backscattering coefficient and the bistatic scatter-
ing coeflicient using the MoM and a Monte Carlo simulation, a large number of random
surfaces with known statistical parameters (ks, k£) must be generated. Then it is desired
to find the surface current density J. induced by a plane wave from which the scattered
field can be computed. For a horizontally polarized plane wave excitation the scattered

electric field is given by:

B'(p) =~ [ 1) H (ol ~ 7). (1)

here ky is the wave number, Z, is the intrinsic impedance of free space, Hél) is the zeroth-
order Hankel function of the first kind, and p and 5’ are the position vectors of observation
and source points, respectively. The sample surface is discretized into sufficiently small
cells, as shown in Figure 1, and equation (1) is cast into a matrix equation. The expression

for the plane wave propagating along k; = sin §;& — cos 6,7 is given by,

Ei(mm') ym) = etko(@m sinf;—ym cosb;) ) (2)




As mentioned before, because of the singular behavior of the current near the edges
of the surface when excited by a horizontally polarized incidence wave, tapered resistive
sheets must be added at the edges of the sample surface in order to suppress the edge
currents. The induced surface current on a resistive sheet is proportional to the tangential

electric field, or mathematically:

nx(h xE)=—RJ . (3)

where R is the surface resistivity (for a perfect conductor, R = 0). Another boundary
condition for resistive sheets mandates continuity of the tangential electric field across

the resistive sheet, that is, [ x E]* = 0.

Therefore the electric field integral equation for the surface current is given by

ko Z()
4

E() = R(5)Ie(p(0) + =2 [ 3500 B (holf(0) — 7))t (4)

III Tapered Resistive Sheets

Tapered resistive sheets, as introduced in section II, are added on the edges of the
surface samples to suppress edge effects on the induced surface current and the scattered
fields. An optimum tapered function for resistivity (found by trial and error) is given

by [11]:

0, lz] < %
= 2=\* p D (5)
Zo('DLR), $<|z|<5+Dr

where D is the width of the sample surface and Dpg is the width of the resistive section.
This taper function was found to significantly decrease diffraction due to the edge discon-

tinuity. Figure 2 shows a normalized resistivity profile of the tapered resistive sheets and



the placement of the resistive sheets on a surface described by a Gaussian hump. Fig-
ures 3a and 3b show the induced current distribution on a flat surface with and without

thin tapered resistive sheets, respectively.

Expanding the current in terms of the basis functions Je(p) = 3 a,¢n(p) and ap-
plying Galerkin’s method to equation (4) we have:

/Z $m(p) E*(P)dl =

> { [ anbu(@)60(P) R(P)E +

n=1

koZo

2 [ [ antnp)onl) Sl - et at} (6

where ¢,,(p) is the testing function, and ¢,(p’) is the basis function. Equation (6)
can be solved using numerical integration, and cast into a matrix equation, given by

[Z][I] = [V]. This matrix equation can easily be solved to find the surface current J..

IV Applications of Compact-Support Wavelets

As stated above, the EFIE used in conjunction with Galerkin’s method can be cast
into a matrix equation using appropriate expansion and testing functions. The restric-
tion on the expansion and testing functions is that they have to be in the domain of the
integral equation operation. To expand the induced current in terms of a multiresolu-
tion expansion, first, the current must be projected onto the z-axis or the surface must
be arclength parameterized. For natural rough surfaces with moderate rms slope it is
more convenient to project the current on the z-axis since the domain will be identical
for all sample surfaces. Applying a multiresolution expansion to the projected current

distribution (f(z)) on the z-axis we have:

:L') = Zcmh,nd’mh,n(x) = Zcml,n¢m¢, + 25 de n'ﬁbm n (7)



which consists of the scaling functions at the lowest resolution, plus wavelets at the
lowest resolution and subsequent higher resolutions. This expansion is equivalent to one
consisting of only scaling functions at the highest resolution (¢m, »(z)). Using the Fast
Wavelet Transform(FWT)[18], the program needs only to compute the EFIE impedance
matrix at the highest level of resolution. From this computed impedance matrix at the
highest resolution, lower resolutions can be found in terms of the original computed
impedance matrix. This reduces computation time drastically from having to perform

the integration for each wavelet at various resolution levels.

Sparse matrices arise due to the fact that the scaling functions and wavelets are
orthogonal and wavelets have zero moments. For example, Haar and linear B-spline
wavelets both have zero mean and the first moment of the linear B-spline wavelet is also

zero. Higher order wavelets also have vanishing higher moments, that is

/ t™p(z)dz =0 n € {0,..,N}, (8)

where N depends on the order of the B-spline wavelet. Figures 4 and 5 show the Haar

and linear B-spline scaling functions and wavelets.

The significance of vanishing moments of the wavelets stems from the fact that
the integration of the kernel over the domain of the wavelet would produce a small
quantity. This quantity is smaller for wavelets with higher vanishing moments. Then,
when integrating over the kernel, very small matrix element values are usually calculated
for cells that are relatively far from one another with the kernel being fairly regular.
For adjacent cells and self-cells the integration of the kernel produce element values that
are significant. In fact, the self-cell contribution is the largest element of the impedance

matrix.

Once the impedance matrix for the highest resolution is computed, the FWT algo-
rithm is applied to the matrix to find an equivalent impedance matrix for the multireso-

lution expansion. Using the FWT it is expected that a sparse matrix will be generated.




At this stage a user-defined threshold level, usually of the order of .01% to 1%, is imposed

on the matrix and only significant elements of the matrix will be preserved.

For a preliminary examination of the wavelet-based Method of Moment, a Gaussian

hump described by equation

y(z) = A- () (9)

is used. The effects of the multiresolution expansion and application of different threshold
levels on the moment matrix on the bistatic scattering is investigated. Initially, pulse
basis functions with the highest resolution is used to generate a reference solution to the
problem of a plane wave incident at normal incidence upon a Gaussian hump surface
and the solution is found with no threshold applied. This solution became the standard
of comparison for subsequent tests on the Gaussian hump surface involving both Haar
wavelets and first order B-spline wavelets for various levels of resolution and threshold

levels.

Using Haar wavelets, described by equation

1, 0<|z|<3
-1 1<z|<1

h(z) = (10)

along with pulse basis functions, the moment matrix produced had a maximum sparsity
level of over 89% when a threshold level of 0.3% was applied and 5 levels of resolution
were used. The bistatic scattering pattern produced from the reduced moment matrix
shows no significant differences in the scattering levels when compared with the results
obtained from the original full moment matrix. The sparsity level increases with the
number of resolution levels, because a larger number of localized wavelets contribute
to the cancellation effect at slowly varying regions of the induced current distribution.
Sharply varying components of the current which are mostly localized are captured by a

small number of wavelets. Keeping the same threshold level for the moment matrix, the



sparsity achieved for 2, 3, and 4 levels of resolution are respectively 72.5%, 80.7%. and

84.8%.

Next, rooftop basis functions along with linear B-spline wavelets were investigated.
The results from the linear B-spline wavelet case agreed well with the Haar case, and a
sparsity of over 99% was observed when a threshold level of 3% was applied and 5 levels
of resolution were used, and the overall bistatic scattering pattern shows no significant
differences. As expected, higher sparsity is achieved with linear B-spline wavelets. For 2,
3, and 4 levels of resolution with the same threshold level applied to the moment matrix,
sparsities of 93.2%, 97.3%, and 97.8%, respectively, are achieved for the linear B-spline
wavelet expansion. Once a sparse matrix is obtained, a search routine, such as conjugate
gradient method, can be used to find the solution. Since the number of non-zero matrix
elements is far less than the original matrix, the computation time for obtaining the
solution is reduced drastically. The comparison between the full matrix solution, Haar,
and linear B-spline wavelets with 5 levels of resolution and the threshold levels stated

above for the respective basis functions is shown in Figure 6.

V  Monte Carlo Simulations of Random Rough Sur-

faces

Encouraged by results obtained for a simple Gaussian hump surface, the multi-
resolution expansion method is then applied to random rough surfaces of known statistical
parameters. Near normal incidence, sample surfaces for numerical analysis must be
at least 40 correlation lengths (£) long in order to accurately characterize the bistatic

pattern [13]. This requirement becomes more stringent for near grazing incidence.

Since the Monte Carlo simulation of the scattering problem requires the numerical
solution of the problem many times, the computation speed achieved by thresholding

the moment matrix of a multi-resolution expansion in conjunction with a search routine




linear system solver becomes very significant with regard to the overall computation time

necessary for evaluating the statistics of the scattered field.

V.1 Random Surface Generation

Monte Carlo simulations require a large number of sample surfaces of a random
process with prescribed surface height statistics. To generate the sample surfaces, the
procedure in [10, 15] is used. First, a long string of numbers is generated using a ran-
dom number generator having the same pdf as the height distribution of the surface
(for example, a zero-mean Gaussian pdf). Next, a subset of the numbers of the string
are correlated with a weight vector related to the Fourier transform of the desired au-
tocorrelation function [9]. For the simulations presented in this paper, surfaces with
Gaussian correlation function and Gaussian height distribution are considered. Hence,
the surface statistics are uniquely specified by the surface height standard deviation (rms
height), s, and by the surface correlation length, £. Figure 7 shows a sample surface of
a Gaussian process with ks = 0.3, k¢ = 3.0 and the corresponding histogram of height
and calculated correlation function generated from 60 independent sample surfaces. The
calculated correlation function gives k¢ = 3.17, and the calculated standard deviation
of height distribution gives ks = 0.3020. These agree closely with the desired surface

roughness parameters.

V.2 Validation and Results

Numerical simulation of rough surface scattering is performed for three different
surfaces denoted by S;, S;, and Ss. The roughness parameters (ks, k€) for each of these
surfaces are respectively ks; = 0.3, kf; = 3.0; ks, = 0.5, kl; = 6.13; and ks3 = 2.0, kfs =
2.5. The first two surfaces fall within the region of validity of small perturbation and
physical optics models respectively, and hence the two numerical results can be compared

with the analytical models. Comparisons are also made on the threshold level imposed
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on the moment matrix for both Haar and B-spline wavelet basis functions and on the
matrix solving times using a fast Conjugate Gradient solver for sparse matrices. Another
test that was run was the effect of the MoM and wavelet technique on backscattering
enhancement. Finally, the effect of the number of resolution levels on the scattering

pattern is investigated.

SPM is known to be valid when ks < 0.3,kf < 3.0, and m < 0.3, where m is the
rms slope and is given by m = v/2s/{ for a surface with a Gaussian correlation function.
The analytical bistatic pattern for the SPM is derived in [17] for a 3-diménsional surface
with a Gaussian correlation function. For a 2-dimensional surface, the bistatic scattering
coefficient (03,) is related to the 3-dimensional bistatic scattering coefficient (o3,;) via

034 = T034. Then, 03, is given by:

o94(0:,0,) = 4k> cos*(6,) cos?(0;) fun W (|kL — ki) (11)
where W (k) is the power spectral density. For a Gaussian surface correlation, W(| kL — ky;|)
is given by

- (itgﬁ[sin(e,)-sin(ﬁe)]’)

W(lk_]_ - k_]_il) = \/7_1‘2826 (12)

Furthermore, for a perfect electrical conductor (PEC), fa, = cos?(¢s — ¢;) which equals

1 for a 2-dimensional problem.

The incoherent bistatic scattering coefficient for §; = 30° using the Monte Carlo
simulation with 40 independent samples and threshold applied is compared to the ana-

lytical bistatic SPM from equation (11) in Figure 8, and a good agreement is observed.

The Physical optics (PO) method using the tangent-plane technique for approxi-
mating the fields on a surface, 9, is next investigated. Under the tangent-plane technique,
the fields present at any point, P, on S are approximated by the fields that would be
present on a plane tangent to P. This is a valid approximation if every point on S has a

large radius of curvature. The three-dimensional bistatic scattering coefficient is derived
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in [19] for the PO approximation. Using this formulation o5, is calculated and is given

by:

) cos(6,) — sin(8;)sin(6,)\ ?
034(0:,05) = k (1 i cos(ﬁéltszz)ai()ﬂi coss(gs()o )sin(f )) J (13)
where
-x? l—e(-%)
J = 2/000 dz cos [kz(sin(6;) — sin(0,))] | e —eX (14)

where x = ks[cos(6;) + cos(0,)]. For surface S; which falls into the PO region of validity,
a comparison is made in Figure 9 between the PO model in equation (13) and results
obtained using the wavelet based moment method. The bistatic scattering results from

Sy agree well with the theoretical Physical Optics solution.

A comparison of different threshold levels imposed on the moment matrix for surface
51 using B-spline basis functions is shown in Figure 10. The parameters for the simulation
on Sy are §; = 30.0°, length = 32), resistive tapered ends length = 1\ and Az = 0.1).
For this simulation, only a single surface (N = 1) is used for comparison. As is shown
in Figure 10, the scattering pattern varies very slightly and only at angles near grazing
observation. This figure indicates that a sparsity of more than 90% can be achieved
without substantial compromise in the accuracy of the bistatic pattern using B-spline

wavelets.

The bistatic scattering coefficient obtained using the Haar and B-spline wavelet of
surface S3 are shown in Figure 11. For this simulation, ks = 2.0, k¢ = 2.5, number of
independent surfaces N = 40, sample length = 32), resistive tapered ends length = 1),
Az = 0.04) and 6; = 30.0°. Since this surface does not fall into the region of validity
for any analytical models, no comparison may be made. This figure shows again that by

thresholding the moment matrix, a high sparsity can be achieved without compromising
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the accuracy. It is also shown that a higher sparsity is achieved using the linear B-
spline wavelet. An average sparsity of 97.3% is achieved by the linear B-spline wavelet
whereas using Haar wavelets only 82.2% average sparsity is obtained for a threshold
level of 0.15%. Figure 12 shows a comparison of the exact current distribution and one
where the impedance matrix has a sparsity of about 97%. A portion of a surface with
characteristics given above (ks = 2.0, k{ = 2.5, etc.) was used and the sparse matrix has
a threshold of 0.5%. Even though this sample surface (which is indicitive of the current
distribution for every sample surface) has a current distribution that varies significantly
from the exact solution, because the far-field scattering pattern is an averaging process

the bistatic scattering pattern does not vary significantly from Figure 11.

The threshold level imposed on the moment matrix and the number of multiplica-
tions needed to solve the matrix using a fast Conjugate Gradient solver routine is studied
next. As stated previously, by imposing a threshold level the scattering pattern remains
relatively unchanged, yet the moment matrix could be made quite sparse. It was also
found that linear B-spline wavelets would produce a sparser matrix for a given threshold
level before the scattering pattern were to deviate significantly from the exact solution.
This is due to the fact that the linear B-spline wavelet has a vanishing first moment.
Table 1 provides the average number of multiplications necessary to solve for the sur-
face current of S3 for both Haar and linear B-spline wavelets and for different values of
threshold levels. It is found that the number of multiplications, or equivalently the com-
putation time, decreases significantly with the first order B-spline scaling function and
its corresponding wavelets. For the Haar wavelet-based MoM, a slight improvement was
observed (approximately 20%), yet for the linear B-spline wavelet-based MoM, a factor

of about 20 improvement was observed.

The question arises if the solution produced using a wavelet based MoM technique
show the effect of backscattering enhancement. The backscattering enhancement is pro-
duces primarily due to multi-path and surface-wave effects on a rough surface. A surface

was chosen that has physical parameters where backscattering enhancement is known
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to occur, and these parameters are ks = 10.636, k{ = 19.472. Figure 13 was produces
using the aforementioned physical parameters, as well as number of independent surfaces
N = 400, sample length = 30\, resistive tapered ends length = 1A, Azr = 0.0625) and
0; = 10.0°. Also, 5 levels of resolution were used, and the matrices had an average spar-
sity of 97.5%. It can be seen that around 6, = —10° there is an enhanced backscattering
effect. This figure is in linear scale to display the enhanced backscattering effect, and

agrees very well with Figure 5 of reference [20].

The effect of the number of resolution levels on the scattering pattern is next in-
vestigated using surface S;. Since it has already been determined that both Haar and
B-spline wavelet-based MoM produce similar results, the effect of the number of resolu-
tion levels is demonstrated with Haar wavelets only. Monte Carlo simulations are run on
random rough surfaces for 5, 4, and 2 levels of resolution, for threshold levels of 0.1% and
0.3%, except for the Haar with 5-levels of resolution in which 0.1% and 0.15% threshold
level is used. This is because 0.3% threshold level is too high for 5 levels of resolution and
the conjugate gradient solver does not converge. The results based on the full matrix is
also included at 5 levels of resolution for comparison. As is shown in Figure 14 the scat-
tering pattern starts deviating from the exact pattern for 5 levels of resolution and 0.1%
threshold level imposed on the moment matrix. The average sparsity, obtained from 40
independent samples, for each case in Figure 14 is summarized in Table 2. The scatter-
ing pattern agrees quite well with the exact solution for almost all levels of resolutions
shown with only slight deviation at near grazing observations. One notable exception
is for 4 levels of resolution and an imposed tolerance level of 0.3%, which deviates no-
ticeably from the exact bistatic pattern at certain angles of observation. As shown in
Table 2, the matrix is less sparse for fewer levels of resolution at a single stated threshold
level. Therefore, by increasing the number of resolution levels, while holding a constant

threshold level, the sparsity of the matrix will increase, as is shown in Table 2.
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VI Conclusion

It has been found that using wavelet basis functions with MoM and Galerkin’s
method along with a fast solver routine such as conjugate gradient can drastically reduce
both the memory requirements of a system and the time necessary to solve the MoM
matrix. This leads to solutions for rough surface scattering that are quite accurate when
compared to other basis functions, yet take significantly less memory and time to solve.
Matrices can be made over 97% sparse yet still produce accurate bistatic scattering
coeflicients in scattering problems. Thus, it becomes possible to generate statistics for

the scattering from surfaces of different roughness in a relatively short period of time.

The number of resolution levels were shown to play a significant role in determining
the sparsity of the matrix and the accuracy of the solution. It was shown that the
higher the number of resolutions, the more sparse the matrix could be made without
compromising the bistatic scattering pattern. Also, the higher order the B-spline was
made, the higher the sparsity achieved in the matrix, and thus, the faster the computation

time to solve the matrix.
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Figure 3: Surface currents on a 32-) flat plate when a)resistive tapered sheets are used
and b) resistive tapered sheets are not used. The surface (not shown) is a PEC flat sheet

with normal incidence.
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Figure 6: Comparison between the exact solution, Haar wavelets with 5 levels of res-
olution, and B-spline wavelets with 5 levels of resolution. Normal incidence is used on
a surface described by a Gaussian hump. Threshold levels are 0.3% and 3.0% for Haar
and B-spline moment matrix with sparsity levels of 89.6% and 99.1% respectively.
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N =1, length = 32), resistive tapered ends length = 1\, Az = 0.1\ and 6; = 30.0°. The
various threshold levels imposed on the moment matrix and its corresponding sparsity
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Figure 11: Comparison of threshold levels on scattering pattern for a random surface
with ks = 2.0, kf = 2.5, N = 40, length = 32, resistive tapered ends length = 1),
Az = 0.04), 6; = 30.0°, and 5 levels of resolution.
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Figure 12: Comparison of exact current distributions with the current distribution from
an impedance matrix that is about 97% sparse (using B-spline wavelets and a threshold
of 0.5%). A portions of a random surface with ks = 2.0, k¢ = 2.5, length = 32), resistive
tapered ends length = 1A, Az = 0.04), 6; = 30.0°, and 5 levels of resolution is plotted.
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Threshold | Sparsity | Number of Mults
Bspline 0.0% 0.0% 5.3 x 108
Bspline | 0.05% 90.7% 8.4 x 107
Bspline 0.1% 93.4% 6.4 x 107
Bspline | 0.5% | 97.3% 2.6 x 107
Haar 0.0% 0.0% 7.0 x 10%
Haar 0.05% 66.1% 9.5 x 108
Haar 0.1% 76.9% 7.0 x 108
Haar 0.15% 82.2% 5.6 x 108

Table 1: Number of multiplications needed to solve the matrix and sparsity vs. imposed
threshold level for a random surface with ks = 2.0, k¢ = 2.5, N = 40, length = 32),
resistive tapered ends length = 1A, Az = 0.04), 6; = 30.0°, and 5 levels of resolution.

Threshold | Sparsity
Haar 0.0% 0.0%
Haar-5 levels res. 0.1% 76.9%
Haar-5 levels res. |  0.15% 82.2%
Haar-4 levels res. 0.1% 68.9%
Haar-4 levels res. 0.3% 85.5%
Haar-2 levels res. 0.1% 51.1%
Haar-2 levels res. 0.3% 74.4%

Table 2: Sparsity vs. threshold for a number of different resolution levels used for a
random surface with ks = 2.0, k¢ = 2.5, N = 40, length = 32, resistive tapered ends
length = 1), Az = 0.04\ and 6; = 30.0°.
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Abstract

The application of iterative Physical Optics (PO) in conjunction with a Monte Carlo simulation for
characterizing the bistatic scattering coefficient of random rough surfaces is examined in this paper. The
iterative PO method offers decreased memory and computation time restrictions compared to the standard
numerical methods such as the Method of Moments (MoM). Results from the iterative PO method are
compared to the standard electric field integral equation (EFIE), the magnetic field integral equation
(MFIE) as well as the existing theoretical solutions for rough surfaces. It is demonstrated that memory
requirements and computation time is significantly decreased while providing fairly accurate results for
surfaces with moderate to low rms slope.

I Introduction

Development of numerically efficient Monte Carlo-based models for simulations of electromagnetic scattering
from random surfaces has attained significant prominence over the past decade [4, 2, 1]. A major stumbling
block in this endeavor has been the large memory and computation time requirement. This is because the size
of the scatter is large compared to the wavelength and the Monte Carlo simulations demand computation of
the scattering problem many times. Iterative methods offer an alternative approach when exact solutions are
not available and have been used in different electromagnetic problems. By construct evaluation of iterative
solutions are rather straight forward especially when the perturbation parameter is relatively small. Physical
Optics (PO) approximation is known to provide accurate approximation for the induced surface currents
provided that the local radii of curvature at each point on the surface of scatterer is large and the surface is
convex. For concave surfaces and surfaces with many adjacent humps multiple scattering drastically alter the
standard PO current. However these surface current variations can be estimated through an iterative process.
Unlike Method of Moments (MoM) which requires matrices on the order of N2 to find the surface current of
the sample surface with N elements, the iterative Physical Optics method only requires memory size of the
order N. Thus, substantial memory savings are realized. Also, since no solver routine is necessary in order to
solve for the surface currents, as in the MoM, substantial time savings are realized as well.

We investigated the use of the iterative Physical Optics method upon a variety of surfaces in order to find the
approximate region of validity for such a method. The results obtained using the iterative PO method are also
compared to the results found using the electric field integral equation (EFIE) with tapered resistive sheets
at the ends of the surface samples as well as the magnetic field integral equation (MFIE) for a horizontally
polarized wave.

II Formulation

Using a Monte Carlo simulation, first many sample surfaces of a stochastic random process representing the
desired random rough surface is generated using a standard procedure [4, 2]. As mentioned earlier it is far
more convenient to solve for the induced polarization current using an iterative method as opposed to brute
force numerical methods. Magnetic field integral equation (MFIE) can be used as the basis for the iterative
PO solution using the surface curvature as the perturbation parameters. The MFIE for the induced surface
current (J,) over a perfect electric conductor is given by [6]

ds’ (1)

1 ) eik(lr_rll)

T e-r]) k=rP

Js(r) =2 ('fz X Hi) + %f;],(r')(ﬁ -(r' - 1)) (ik

where H' is the incident magnetic field, # is the unit normal at the observation point, and § represents
the principle value integral. It is obvious from (1) that for a flat surface (r' — r) -2 = 0 which renders



Js(r) = 2(n x H) which is the standard Physical Optics approximation for the induced surface current. For
undulating surfaces with large radii of curvature the contribution from the integral has a secondary effect and
therefore (1) may be solved in an in iterative fashion. To examine the accuracy of the iterative PO approach the
results must be compared with an exact solution obtained from a numerical method. Numerical solutions for
one-dimensional rough surfaces are tractable and thus the accuracy of the iterative PO approach is examined
for one-dimensional rough surfaces. The MFIE for two-dimensional problems (one-dimensional roughness) can
easily be obtained. For 2-D scattering problems the transverse (J;) and longitudinal (J.) components of the

induced current are decoupled and the integral equations for a TM and TE incidence are respectively given
by:

—_ (s i 23_0_ / (1) . o ﬁ-(p—p/) /
Je(p) = 2 x H') - £ 4+ 22 (6 (Kol — o)) = ! (2)
. L Ao —
-Lm=mﬁ+”fb H{V (kolp Mﬁﬁ%mﬂﬂ’ (3)

where { = 2 x 7 is the tangent unit vector. Again we recognize that for a flat surface (7 = ) the contribution
from the integrals in (2) and (3) are zero and the PO currents are retrieved.

Consider a perfectly conducting rough surface illuminated by an E-polarized (TM) plane wave. Points on the
surface can be grouped into two categories: 1) lit points and 2) shadowed points. As a first-order approximation
the induced current over the lit region is given by JH = = 2(# x H) and over the shadow regions J& = 0. This
current produces a scattered magnetic field whose tangent on the surface induces a secondary PO current. It
can be shown that the expression for this first order scattered field is given by

f-(p—p'
i x iy = 2 fI06) O (olo - o) KD e (@

and hence the second order PO current can be obtained from J{2) = 2(n x Hfl)) which is exactly the same as

the integral in (2). From this argument it is evident that starting with J,gl), the integral in (2) can be used in
a recursive manner to find a higher order solution. There is a subtlety in the computation of the second order
current over the shadow regions. The reason for shadow is that the scattered field is out of phase with the
incident wave. Basically we have to add the contribution from the incident field to the first-order scattered
fields over the shadow regions. Therefore the corrected second order solution is

J(2)eorrected _ Jz(z) over lit region (5)
g I 42 (A x H') over shadow region
Once J{2eorrected ig characterized, higher order currents can be obtained from
J(n) — tko J(n—l)( / H(l) k G n- (p_ p,) de 6
z —733 o) 1(0|P—P|)W (6)

and J; = 3, ") The convergence is examined by monitoring the normalized difference in the successive

IIT MFIE and the Method of Moments

Using Galerkin’s Method, equation (2} is re-written as

Jn)

n=1 "%
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which can be solved using numerical integration, and cast into a matrix equation. In equation (7). é, and 6,,
are the basis function and testing function respectively.

This is also compared with the EFIE which, using Galerkin’s method is given by

N
koZ
703 [ émsadilo)Hi ole - p)dC @

[ enBito)ie = f bm R(p)Te(p) +

where R is the surface resistivity (for a perfect conductor, R = 0). For the EFIE, tapered resistive sheets are
used to reduce the edge effects. An optimum tapered function is reported in [2].

IV Results

To verify the accuracy of the iterative PO method, a perfectly conducting surface with two Gaussian humps, as
shown in Figure 1(a), was studied. The total bistatic scattering pattern for normal incidence excitation is shown

in Figure 1(b) and excellent agreement is observed between the electric field integral equation (EFIE), magnetic

field integral equation (MFIE) and the iterative Physical Optics (PO) method. After verifying that the results
from the iterative PO method, EFIE and MFIE gave similar results, numerical Monte Carlo simulations
of rough surface scattering is performed for four different surfaces denoted by S;, Sa, Ss, and S;. The
roughness parameters (ks, kf) for each of these surfaces, created using [4], are respectively ks, = 0.3, kf; = 3.0;
ksy = 0.5,kly = 6.13; ksg = 1.0,kf3 = 3.0; ksqy = 0.5,kfy = 2.0. Surfaces S; and S, were chosen because
they fall into the regions of validity for the Small Perturbation Method (SPM) and the Physical Optics (PO)
method, respectively.

For surfaces S; and S,, whose bistatic scattering patterns (¢°) are shown in Figures 2(a) and 2(b) respectively,
good agreement is shown between the EFIE, MFIE, iterative PO method and the analytical solutions. S;
sample surfaces are 30 A in length (except for the EFIE where 1 ) resistive tapered sheets are added on each
end) with Az = 0.2) and 6; = 30.0°. 40 sample surfaces are used to find the estimate of 6°. Good agreement
1s shown in the figure until about —60°. S, sample surfaces are 46 X in length with Az = 0.1\ and 6; = 30.0°.
Again, good agreement is shown in the figure until about —60°.

For surfaces S3 and Sy, good agreement is also shown for the bistatic scattering pattern. For surface Ss,
N = 40, length = 18}, 6; = 30.0°, rms slope = 0.471 and Az = 0.1}, and the bistatic scattering pattern is
shown in Figure 3(a). For surface S4, N = 40,length = 18\, §; = 30.0°, rms slope = 0.354 and Az = 0.1},
and the bistatic scattering pattern is shown in Figure 3(b).

V Conclusion

It has been found that using an iterative PO method for characterizing the bistatic scattering pattern for
random rough surfaces with low to moderate rms slope (< 0.6), relatively good agreement with the exact
solution using both the EFIE and the MFIE is demonstrated. Computation time is significantly decreased
as well as memory size necessary to perform the numerical solution for the iterative PO method. Since for
3-D problems the kernel of the integral equation decays faster with distance than that for 2-D problems, it is
expected that iterative P.O. to perform even better for 3-D problems.
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Figure 1: (a) Surface profile with two Gaussian humps. (b) Total bistatic scattering
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Figure 2: (a) Comparison of bistatic scattering from a random surface with ks = 0.3 k¢ = 3.0, N = 40,
length = 30, resistive tapered ends length for EFIE = 1\, Az = 0.2) and 6; = 30°. Comparison shows
difference between EFIE, MFIE, iterative PO method, and the analytical solution. (b) Comparison of bistatic
scattering from a random surface ks = 0.5 k£ =6.13, N = 40, length = 46, resistive tapered ends length for
EFIE = 1A, Az = 0.1 and 6; = 30°. Comparison shows difference between EFIE, iterative PO method, and
the Kirchoff Approximation.
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Figure 3: (a) Comparison of bistatic scattering from a random surface with ks = 1.0 k¢ = 3.0, N = 40,
length = 18, resistive tapered ends length for EFIE = 1A, Az = 0.1\ and 6; = 30.0°. Comparison shows
difference between EFIE, MFIE, and the iterative PO method. (b) Comparison of bistatic scattering from a
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Az = 0.1X and 6; = 30.0°. Comparison shows difference between EFIE, MFIE, and the iterative PO method.
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Abstract

The application of a fast far-field iterative Physical Optics (FIPO) method in conjunction with a Monte
Carlo simulation for characterizing the bistatic scattering coefficient of random rough surfaces is examined
in this paper. The FIPO method offers decreased memory and computation time restrictions compared to
the standard numerical methods such as the Method of Moments (MoM), and decreased computation time
compared to an exact iterative PO method. Results from the FIPO method are compared to the standard
electric field integral equation (EFIE), the magnetic field integral equation (MFIE), a complete iterative
PO (IPO), as well as the existing theoretical solutions for rough surfaces. It is demonstrated that memory
requirements and computation time is significantly decreased while providing fairly accurate results for
surfaces with moderate to low rms slope.

I Introduction

Numerically efficient Monte Carlo-based models for simulations of electromagnetic scattering from random
surfaces has attained significant prominence over the past decade [4, 2, 1]. A major stumbling block in this
endeavor has been the large memory and computation time requirement, but as previously reported, the
computation time and memory size has been reduced using a standard iterative PO method which produces
fairly accurate results [9]. For a surface consisting of N elements, the iterative Physical Optics method only
requires memory size of the order N. Thus, substantial time and memory savings are realized compared to
the Method of Moments (MoM).

Previously, we investigated the use of the iterative Physical Optics method upon a variety of surfaces in
order to find the approximate region of validity for such a method [9]. The difference between a complete
iterative PO approach and the new fast far-field IPO (FIPO) approach is that the original IPO was order
N? in computation time, while the new FIPO approach is only order N computation time. Both routines
are order N in memory requirements. The results obtained using the FIPO method are also compared to the
results found using the electric field integral equation (EFIE) with tapered resistive sheets at the ends of the
surface samples, the magnetic field integral equation (MFIE), and the complete IPO method for a horizontally
polarized wave.

II Formulation

For a Monte Carlo simulation, many sample surfaces representing the desired random rough surface character-
istics are generated using a standard surface generation routine [4, 2]. As previously reported, the Magnetic
field integral equation (MFIE) is used as the basis for the iterative PO method [9] and the currents over a
perfect electric conductor is given by [6]

1

Js(r)=2(aAx H) + — 4I,(") (7 - (' — 1)) | ik ds’ (1)
27 J,

1 ) eik(lr—rll)
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where H' is the incident magnetic field, # is the unit normal at the observation point, and § represents the
principle value integral. For the MFIE for two-dimensional scattering problems (one-dimensional roughness),




the transverse (J;) and longitudinal (J.) components of the induced current are decoupled and the integral
equations for a TM and TE incidence are respectively given by:
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where { = # x 7 is the tangent unit vector.
Consider a perfectly conducting rough surface illuminated by an E-polarized (TM) plane wave. Points on the
surface are grouped into two categories: 1) lit points and 2) shadowed points. As a first-order approximation

the induced current over the lit region is given by g = = 2(# x H') and over the shadow regions J; ) = 0. This
current produces a scattered magnetic field whose tangent on the surface induces a secondary PO current.
The expression for this first order scattered field is given by =

ik Ae(p—p'
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and hence the second order PO current can be obtained from J{% = = 2(n x Hfl)) which is exactly the same as
the integral in (2).

For the fast far-field iterative PO (FIPO), instead of a complete solution as given in (2) or (3), the surface is
divided into a near-field region and far-field regions. Then, (2) and (3) can be written as
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Then, the FIPO can be found by summing the contributions from the near-field plus the far-field contributions.
The far-field contributions, or last terms, from (5) and (6) may be approx1mated respectively using the large
argument expansion of Hankel functions and noting that in the far ﬁeld —o N % where @ = £ if p/, > pz or

= -2 if p, < pa
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where ppmiq is the midpoint of the far field section. For the far field, since the fields fall off quickly due to
the kernel, large sections of surface are integrated over to give us the far-field contribution to the integral. As
shown in (7), for any near-field section, the far-field section only has to be calculated once. Then instead of
an NZ calculation the order of calculatlon is NM, that is, a computational savings factor of ( M) is achieved,
where M is the total number of far-field sections. As an example, for a 40\ surface consisting of 400 elements
divided every 5\ which leads to m = 8 distinct sections, FIPO is approximately 50 times faster than the
traditional IPO. In the actual implementation, the adjacent sections should also be excluded from the far-field




~The convergence still is examined by monitoring the normalized difference in the successive solutions (

approximation, that is, m’ # {m — 1.m.m + 1}. Then, for the example above. for each section m, there are
6 far-field sections if m is equal to 1 or 8, and 5 far-field sections if m is in the range {2...7}. For any section.
m, there are 100 or 150 near-field elements which have to be iterated over. and 5 or 6 far-field sections, which
are calculated once.

The above argument allows one to start with Jz(l) and recursively find a higher order solution. As reported
previously there exists a subtlety in the computation of the second order current over the shadow regions [9)].
The corrected second order solution is

(2)corrected Jz(z) over lit region
']Z = (2) o i . (9)
J:” +2 (7 x HY)  over shadow region

From J{?°°"¢¢*®4 }ioher order currents can be obtained.
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as in [9)].

III Results

Previously, it was determined that the iterative PO method produced very favorable results for surfaces with
small RMS slope. The FIPO method was then compared to the IPO method for a number of surfaces and
found to also produce very favorable result. These results are compared to the complete IPO, the Electric
Field Integral Equation (EFIE) as well as the Magnetic Field Integral Equation (MFIE).

First, the FIPO method was compared to the EFIE, MFIE, and IPO method for a single Gaussian hump,
as shown in Figure la. The bistatic scattering pattern for a single Gaussian hump is shown in Figure 1b
and excellent agreement between the EFIE, MFIE, IPO, and FIPO method are shown. After verifying these
results, two surfaces, S; and S, were compared for the IPO method as well as the FIPO method. Surface Si
is a surface that was measured in [9] and produced excellent agreement with the EFIE and MFIE method. S
has surface characteristics ks = 0.5 and k£ = 2.0. In addition, a Monte Carlo simulation of surfaces that have
characteristics ks = 0.65, k£ = 2.0 and where each surface is 800\ in length (or 8000 elements) is compared.

For surface S1, the total bistatic scattering pattern (oo) is shown in Figure 2a. $; sample surfaces are 18\
in length, with Az = 0.1, the number of surfaces averaged over, N, is 40 and 6;=30.0°. For surface Sy, the
total bistatic scattering pattern is shown in Figure 2b, and the IPO and FIPO methods are compared to result
obtained by surfaces with the same characteristics (ks, k). It is obvious the both the IPO and FIPO methods
work very well compared to the EFIE and MFIE methods. For surface Sy, ks = 0.65, k£ = 2.0, N = 30,length
= 800 for FIPO and IPO, while length = 20 for EFIE, and 6; = 30.0°.

IV Conclusion

It has been found that when using a fast far-field iterative PO method for characterizing the bistatic scattering
pattern for random rough surfaces with low to moderate rms slope (< 0.6), relatively good agreement with
the complete iterative PO method, as well as with the exact solutions using both the EFIE and the MFIE is
demonstrated. Computation time is significantly decreased as well as memory size necessary to perform the
numerical solution for the iterative PO method. Since for 3-D problems the kernel of the integral equation
decays faster with distance than that for 2-D problems, it is expected that iterative PO to perform even better
for 3-D problems.
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Figure 1: (a) Surface profile of a Gaussian humps. (b) Total bistatic scattering
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Figure 2: (a) Comparison of bistatic scattering from a random surface with ks = 1.0 k£ = 3.0, N = 40, length
= 18, resistive tapered ends length for EFIE = 1)\, Az = 0.1 and 6; = 30.0°. Comparison shows difference
between IPO, FIPO, and EFIE method. (b) Comparison of bistatic scattering from a random surface using
FIPO and IPO ks = 0.65 ,kf = 2.0, N = 20, length = 800, Az = 0.1X and 6; = 30.0° vs. the EFIE for
the same physical characteristics, but N = 40, length = 20 with tapered resistive sheets of 1A. Comparison
shows difference between IPO, FIPO, and EFIE method.




