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Abstract

In this thesis, the effect of volume scattering from the buried particles in half-space
random media on the radar backscattering cross section is investigated. The radar
clutter from a flat desert area is modeled as spherical scatterers randomly embedded
within a layered medium with flat interfaces. Three approaches are used to calculate
the backscattering coeflicients.

The Monte Carlo method based on Transition matrix (T-matrix) approach is first
applied. The multiple scattering and the coherent wave interaction are included in
this approach. The couplings between scatterers and the interface are taken into
account by using the image method. The multiple scattering equation is solved using
the iterative technique. The solution process repeated for many realizations and
averaged to calculate the backscatter.

The Radiative Transfer theory (RT) approach is also presented. The RT theory is
based on the concept of energy transport and the assumption of independent scatter-
ing. The numerical solution of the RT equation is obtained using the discrete-ordinate
eigenanalysis method, which includes all orders of multiple scattering.

Finally, the First Order Analytical Approximation is applied to obtain the first
order solution of the multiple scattering equations derived based on T-matrix method.
The First Order Analytical Approximation assumes positions of particles to be inde-
pendent. The effects of coherent wave interactions are considered in this approach.
However, the multiple scattering effects are neglected. The Rayleigh scatterer is
assumed for each particle. A compact analytic expression for the backscattering co-
efficients is obtained. "

The numerical calculations from all three approaches are performed and then
compared. It shows that the results using RT approach are in good agreement with
those of the Monte Carlo approach in this study. The First Order Analytical Ap-
proximation always gives higher returns than the other two methods, which may be
accounted for by the assumption of independent particle position. Thus, from this
study, though not including coherent wave interaction, the RT approach is a good
model in prediction the radar return from desert media. Some parametric studies



base on RT are also performed which shows that the particle size plays an important
factor in the high radar return level.
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Chapter 1

Introduction

1.1 Introduction

In the microwave remote sensing of earth terrain, there are two major sources which
give significant contributions to the radar backscattering coefficients. One is the
volume scattering. The other is the scattering from rough surfaces. In the volume
scattering problem, two theoretical models have been: (1) the continuous random
medium model in which scattering comes from a random fluctuation of the per-
mittivity, and (2) the discrete random medium model where discrete scatterers are
randomly imbedded in a homogeneous background medium. In the discrete random
medium approach, spheres, spheroids, ellipsoids, discs and cylinders are among the
most commonly used models of scatterers. The continuous random media model is
described by a random permittivity consisting of a mean part and a fluctuating parts.
The fluctuating part is usually described by its variance and its spatial correlation
function [23].

In the active remote sensing, there have been many works on the modeling of
the volume scattering [25], [14], [26], [28], [9]. These models can be categorized into
two classes: (1) wave theory, and (2) radiative transfer theory (RT). In the wave
theory models, the solutions are obtained directly by solving Maxwell’s equations
for the electromagnetic fields. Thus, the solutions by the wave theory contain phase

correlations and coherent wave interaction among scatterers. Therefore such models
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can be used in applications which require the phase relation of backscatter such as
Synthetic Aperture Radar (SAR) images simulation. On the other hand, the RT
theory is not derived from Maxwell’s equations; it is based on the energy transport
equation. The fundamental quantities in the energy transport equation are not the
electromagnetic fields but rather energies. The RT theory assumes incoherent wave
interaction and ignores the phase relations between scattered waves from individual
scatterers. However a major advantage of RT theory is that it can be applied in a
more complicated configuration that are generally too complex to be solved by the
wave theory.

In June 1993, a ground penetration radar (GPR) experiment was conducted in
Yuma, Arizona [15], [16]. In this experiment, a number of SARs, including the SRI
SAR covered the frequency bands 100-300 MHz, 200-400 MHz, and 300-500 MHz, and
the Rail SAR covered the frequency band 250 MHz to 1 GHz, were applied to measure
the backscatters from buried targets, surface targets, and the desert radar clutter.
During the experiment, extensive clutter data were collected. The soil properties and
samples of surface profiles were also measured.

In general, the radar clutter from the desert terrain is a function of vegetation,
surface roughness, and soil inhomogeneities. From the Yuma experiment, the median
backscattering coefficients were approximately -29 dB, -27 dB, and -25 dB for the
100-300 MHz, 200-400 MHz, and 300-500 MHz bands, respectively. The standard
deviations were all about 6.9 dB [15], [16]. As expected, the backscatter was higher
at higher depression angles. The backscattering coefficient increased approximately
6 dB over the 30-60 degree depression angle range. It was found, even in an area
where the ground surface was flat and without any visible surface vegetation, that the
backscatter was significantly higher than both the noise level and the level predicted
by using a simple rough surface scattering model. It appeared that an appreciable
amount of volume scattering due to soil inhomogeneities may contribute to the total
backscatter.

In this thesis, we shall study the volume scattering due to rocks beneath the desert

terrain. The wave and RT theories are used in conjunction with a discrete particle
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model. In the wave theory approach, the Transition Matrix (T-matrix) approach is
applied and extended to calculate the multiple scattering from randomly distributed
particles with different sizes [2]. The effects of particle-boundary interaction are
taken into account by using the image method to approximate the scattered fields
from buried objects which are further reflected at the boundary. An iterative solution
technique is applied to solve the multiple scattering equation [30]. Then, the Monte
Carlo simulation technique is used and the results are averaged over many realizations
to obtain the backscattering coefficients. The First Order Analytical Approximation
is another approach based on the wave theory. The First Order Analytical Approx-
imation is obtained from the first order solution of the multiple scattering equation
derived from the T-matrix formalism. By taking the configurational average over the
first order scattering amplitude, the scattered field is obtained in a compact form.
The RT approach is also presented in this work. The principal constituents of the RT
equation are the phase matrix and the extinction matrix which are calculated based
on the random discrete scatterer model. The RT equation is solved using the discrete
ordinate-eigenahalysis numerical method [30].

These three approaches will be applied to study the volume scatttering which
may be a possible cause to the high radar return from the 1993 Yuma experiment.
Numerical results will be presented using typical physical parameters. The backscat-
tering coefficients as functions of radar parameters and physical properties of the
desert terrain will be presented. Results calculated using the three approaches will
be compared. The appropriate conditions for the use of each approach will also be
discussed. The developed volume scattering models may be applied to predict the
radar clutter from desert media and to assess the possibility of locating and identifying

underground targets.

1.2 Model Configuration

In this study, scattering due to surface roughness is ignored, and rocks are replaced

by spherical particles. Figure 1-1 shows the geometrical model. The model consists
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region 0

region 2 Em B Oni €s Hs Os

Figure 1-1: Configuration of the model

of layered media with flat interfaces. The particles are randomly embedded in region
1, and they may have different sizes and permittivities. The upper half-space is
assumed to be air with permittivity ¢y and permeability po. The surface between air
and soil is assumed to be flat. The background medium is a homogeneous half-space
with permittivity €,,, permeability pu,, and, conductivity o,,. All the scatterers are

assumed to be of spherical shape.

1.3 Description of The Thesis

The remaining of the thesis has five chapters. Chapter 2 gives the detailed discus-

sion on the Transition matrix (T-matrix) approach. The derivation of T-matrix and
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multiple scattering equation is given. In Section 2.5, the multiple scattering equation
is modified using the image particle method to take into account the particle-surface
interaction when an interface is present. The iterative technique used in solving
the modified multiple scattering equation is described in Section 2.6. In Chapter
3, the radiative transfer equation is presented along with its main constituents, the
phase matrix and the extinction matrix and the numerical method for solving the
RT equation. Chapter 4 discusses the use of analytic method in solving the first
order multiple scattering equation by taking configurational average over particle po-
sitions. In Chapter 5, numerical simulation of the backscattering coefficients fir these
approaches is performed using the physical parameters used in Yuma experiment.
Discussions about the results from each approach are also given in this chapter. Fi-
nally, a summary and a conclusion as well as some suggested future works are given

in Chapter 6.
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Chapter 2

Transition Matrix

In this chapter, the Transition matrix (T-matrix, also known as the System Transfer
Operator) approach is presented. The T-matrix method utilizes spherical wave ex-
pansions for both incident and scattered fields. The extended boundary condition is
used to derive a system of linear equations relating the coefficients of the scattered
fields to those of the incident field. The final relation between the scattered fields
and the incident field is cast into a matrix form known as the transition matrix or
the T-matrix. The multiple scattering equations have been established by extending
the T-matrix formalism to an arbitrary number of scatterers. For a large number of
particles, the multiple scattering equations can be solved using iterative technique.
The Monte Carlo simulation method is then applied to calculate the scatttering from

an assembly of particles by averaging over many realizations.

2.1 Solution of The Spherical Wave Equation

We begin the discussion of T-matrix approach with the derivation of the solutions
of the spherical wave equation. In a linear, isotropic, homogeneous and source—free

medium, an electromagnetic wave must satisfy the wave equation

E
(v +k){_H_}=0 (2.1)
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where k = w,/p€ is the wave number of the medium with permittivity ¢ and perme-
ability u.
The general solution of Equation (2.1) can be constructed from a scalar function

¥ which satisfies the following scalar wave equation
(V24,2 p=0 (2.2)

and an arbitrary constant vector ¢. The vector wave functions M, N, and T :

M =V x (cy) (2.3)
— VxM

N=— (2.4)

L=V (2.5)

can be shown to satisfy the vector wave equation

M M
VxVx{_}—W{_}:o (2.6)
N N

V(V-I)+kL=0 - (2.7)

Therefore, the problem of finding solutions to the wave equation reduces to a
comparatively simpler problem of finding solutions to the scalar wave equation.

Let
¥ = R(r)O(0)®() (2.8)

and transform Equation (2.2) into spherical coordinate, we obtain the following dif-

ferential equations for each spherical variable 7,8, and ¢

r%(m) + [(kr)? = n(n +1)] R=0 (2.9)

20



1 d (. .d®© m?
T (sm 9@) + {n(n +1) — pe 0} ©=0 (2.10)

2
—33% +m?®=0 (2.11)

The general solution of the Helmholtz equation in spherical coordinate system is
[13]
Rgmn(kr, 0, ¢) = jn (k) P™(cos )™ (2.12)

with n = 0,1,2,... and m = 0,+1,%2,...,£n, j, is the spherical Bessel function of
the n th order, P™(cos6) is the associated Legendre polynomials, and Rg stands for
Regular which denotes that the solution is finite at the origin. The outgoing wave

solution, which is used to describe the scattered fields, has the following form

wmn(k'r, 0, ¢) = hn (kT)P;n(COS e)eimqb (2’13)

where the spherical Bessel function j, has been replaced by the spherical Hankel
function of the first kind h,. Then we use the relations (2.3) and (2.4) to construct
the regular vector spherical wave functions RgM, and RgN as [30]

RgM 1 (k7, 0, 8) = YmnV X (FRGUmn (kr, 6, ¢)) (2.14)

RgNoun(k7,6,8) = 1V X (RgMa(br,0, ) (2.15)

where

(2.16)

| 2n+1)(n—m)!
Tmn = A 4 (n + 1)(n +m)!

In terms of regular vector spherical wave functions, a plane wave propagates in

the direction k; can be expressed as [30]

E; = (Eyit; + Epihi)e

21



=" (a2 RgM o (7,0, 6) + ) RGN mn (7, 6, 6) (2.17)

(M N . .
where a{™) and a{lY) are the expansion coefficients

1 @n+1), = (5 = .
(M) _ (_1\ym AP ) n p. . vy A b b
a) = ()" — [Bvi (6 - Comn (63, 84)) + Eni (6 - Comn (63, 04)) |
(2.18)
I 2n4+1) = /2 — — /s —
(N) — (_1\m AP ) n (B. . (— Y b (— b
amid = ()" [Eoi (6 (—iB_un(03,64))) + Bni (i - (—iB—-mn (01, 61))) ]
(2.19)
and
k; = sin ; cos ¢; % + sin 6; sin ¢;7j + cos 6;2 (2.20)
0; = cos 8; cos ¢; & + cos B; sin ¢, — sin ;2 (2.21)
h; = — sin ¢;& + cos ¢ (2.22)

with 9; and h; begin the incident vertical and horizontal polarization vectors respec-
tively. The vector spherical harmonics B(#, ¢) and C(6, ¢) in (2.18) and (2.19) are
defined as [30]

— _ [ ;dP;(cos 6) im _,. ima B
B (0, 0) = (9 7 + ¢sin9P" (cos@)) e (n=1,2,3,...) (2.23)
— _(sim  dPP(cosf) .. ime B
Crn(0,9) = <0sin9 —¢ 7] P (cos 6’)) e (n=1,2,3,...) (2.24)

The vector spherical waves M, (kr,0,¢) and N, (kr,0,¢) which will be used to
describe the scattered field from a particle can be obtained from (2.14) and (2.15)
by replacing the spherical Bessel functions with the spherical Hankel functions. The

asymptotic far-field expressions of M, (kr, 8, ¢) and N, (kr,0, $), for kr — oo, are

: _ c—n—1 ikr

k}gi})o M i (k7,6, 0) = Vi Crn (0, 6)1 e (2.25)
: _ c—n—1 ikr

k}gl})O N k7,0, ) = Y Brun (0, ) e (2.26)
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2.2 Definition of T-matrix

The T-matrix which characterizes the scattering properties of the object is defined as
E°F) =TE (F) (2.27)

where E_ () and B (F) are the exciting and scattered fields for a particle respectively.
Consider an incident wave ﬁnc(F) impinges on a particle which is characterized
by permittivity €, Figure 2-1, it gives rise to a scattered wave E° (7). We can express

E™(7) and E° (7) in terms of vector spherical waves as

(r) E™(F) =Y [0EM RgM i (k7) + aEN) RGN s (k7)| (2.28)
B () = Y 6500 M (7) + a5V N o (k)| (2.29)

with aZ,, and a3, being the expansion coefficients for the exciting and scattered fields
respectively.
The T-matrix is then used to describe the linear relation between scattered field

coefficients a3, and the exciting filed coefficients aZ,,

[=(11) E(M =(12) E(N)]
a'rsn(re/[ ) = Z Tmnm 't G mgn.’) + Tmnm’n’ mgn’) (230)
mlnl - -
-=(21) E(M —(22) E(N
afn(,,iv) = Z Tmnm;n/amsn,) + Tmnm,n/amgn,) (231)
m'n’ * -

The summations in (2.30) and (2.31) are usually truncated with a finite terms at

N = Npyqz- A combined index [ is used to represent the two indices n and m as follows
[30]:
l=nn+1)+m (2.32)

Thus, the corresponding L., is

Lmaa: = Nmag (Nma:c + 2) (233)
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Figure 2-1: Incident wave on a particle with a circumscribing sphere.

Upon using the new combined index [, the relations (2.30) and (2.31) can be

rewritten as Z5() a“’_..(11)_7-(12) ZB(M)
= | —91)— 2.34
—s() ez | | _py) (2.34)
where @M and a®®) are column matrices of dimensions Ly,q; X 1 representing the

E(N)

(M) ' respectively, and ™) and @™) are column matrices of

coefficients q; and q;
coefficients a,S(M) and af(N), respectively. We further let

=(11)=(12)

g ES(M) . 'C—LE(M) — T T
R o A R T= FD=(22) (2.35)

Equation (2.34) becomes

@’ =

N

a” (2.36)

where T is of dimension 2L ez X 2Lpmez. Thus, Equation (2.36) implies that once

the T-matrix of an object is obtained, the scattered field may be calculated from a
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knowledge of the exciting field.

2.3 T-matrix for a Sphere

In the case of spherical scatterers, there is no coupling between different multipoles of
the incident wave and the scattered wave, the T-matrix for a sphere is of a diagonal

form [30]

— T 0
T= 0 =(22) :! (2.37)
where the matrix elements are
Tr(nliim’n’ b= (Smm’(snn/TéM) (2.38)
Tr(nzrfr)n’n’ - m'(snn'TrgN) (239)
and
o0 __nlhsa)lkajn(ka) — ju(ha)kyag (ko) .40
" Jn(ksa)[kahn(ka)]' — hn(ka)[ksajn(ksa)] '
TN) — [k3a%jn (ksa)][kagn(ka)]' — [k 2a?jn (ka)][ksajn(ksa)] (2.41)
" [k2a2n(ksa)|[kah, (ka)) — [k2a?hy, (ka))[ksajn (ksa)] '

For small dielectric spheres, ka < 1 and ksa < 1, the electric dipole term Tl(N)
dominates and is the term that needs to be retained in the T-matrix. However, in
order that the optical theorem be satisfied, it is important to keep the leading term
of the imaginary part and the leading term of the real part of T; fN). Using (2.41), it
can be shown that for ka < 1 and k,a < 1

TN = 7 4 i7) (2.42)
where T(N) and Tl(lN ) are both complex for lossy scatterers, and

2
T3 = 5 (ka)’y (2.43)

25



63_6
€5 + 2¢

T = —(T")? (2.45)

y (2.44)

Note that since ka < 1, we have ]Tl(,{\'r ) | < |T1(,N )l. The extinction cross section is

6
Oc = —%E[Re T — Im T

1

4 2
= —k—z(ka)3[Im Y+ g(ka)‘Q'Re el (2.46)
The scattering cross section is

67 8
01 = — 31T = = (ka)ly | (2.47)

The optical theorem is satisfied with (2.46) and (2.47) because the T term in (2.42)

has been included in spite of the fact that it is much smaller than Tl(zN ),

2.4 Multiple Scattering Equations for N Particles

In this section, we will consider the scattering from multiple particles. The multi-
ple scattering equations can be derived by extending the T-matrix formalism to an

arbitrary number of particles [30].

Consider N scatterers bounded by surfaces Sy, Ss, ..., Sy occupying regions Vi, Va, ...

The scatterers are centered at 7y, 7o, ..., 7. It is also assumed that the scatterers are
enclosed by circumscribing spheres that do not overlap each other (Figure 2-2). We
consider a coordinate system with origin 0 outside the particles. Let the background
region be denoted by V4. The i th scatterer has permittivity equal to ¢;, wavenumber
k;, and permeability u. For an incident plane wave, the multiple scattering equations

of the system of scatterers (Figure 2-2) can be expressed in terms of T-matrix as [30]

N — T =
HEEDS {?(kT_JE)T(ﬁ)a‘E(ﬁ)} + e Tg,,, (2.48)

B=1
B#a

26

aVN-



Figure 2-2: Particles 1,2, ..., N occupying regions Vi, V5, ..., Vy. and bounded by sur-
faces S1, 52, ..., Sy, respectively. They are enclosed by non-overlapping circumscribing
spheres.

with o = 1,2,3, ..., N. Equation (2.48) is known as the multiple scattering equation
using T-matrix. In Equation (2.48), @%(®) is a column vector that represents the final
exiting field of the scatterer «, ;. is a column vector that contains the coefficients of
the incident wave, ?(ﬂ) is the T-matrix that describes scattering from the scatterer 3,
and 0(k7,75) is a transformation matrix that transforms the vector spherical waves
centered at T() to the spherical waves centered at 7(,). The physical interpretation
of Equation (2.48) is that the final exciting field at the scatterer « is the sum of the
incident field and the scattered fields from all other particles except itself. Note that
in Equation (2.48), the exciting field a®(®) depends on the exciting field @®® on the
right hand side. Equation (2.48) includes multiple-scattering effect among particles.
The near-, intermediate-, and far-field interactions are all included too. Equation
(2.48) is a system of N equations for N unknowns @ and in principle it can be

solved.
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After the exciting field a®(® is solved, the scattered field @@ of particle « is

calculated from

a5@ = T8 (2.49)

The total scattered field from all particles in the direction ks,

ks = sin 6, cos ¢ + § sin 0 sin ¢, + 2 cos b, ‘ (2.50)

at an observation point R, for kR — o0, is

- ci(kR)
ST kR

Z ’Ym'n, [ai(:iw)_é_mn(es’ ¢8)i_n_1 + afn(é\r)_mn (087 ¢s)i_n] (251)

where k is the wave number of the background medium,B,,, and ann are vector
spherical wave functions, and %y, is a coefficient given in (2.16).

We can combine Equations (2.48) and (2.49) to calculate directly the multiply
scattered field coefficients @5

N —(a)__ T = y=(a :
a*@ = Y T3 (rars)a*® | + ET Vg, (2.52)

) =
8
8

R =

The equation (2.52) describes the relationship between the scattered fields from the
o particle and the 3 particle.

2.5 Multiple Scattering Equations for Buried Par-
ticles

In this section, we shall derive the multiple scattering equations for buried scatterers.
Due to the presence of boundary surface, we have to consider the interaction between
scatterer and boundary. However, if we want to obtain the rigorous solution for this
case, we have to express the half-space Green’s function in terms of vector spherical
wave functions to construct the multiple scattering equation. In order to simplify

the model, we apply the method of image [15] to account for the coupling between
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incident wave

Figure 2-3: Wave contributions on a particle.
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particles and interface, and then add this new contribution into the multiple scattering
Equation (2.52).

The total contributions to the exciting field of particle & may be separated into four
terms as illustrated in figure 2-3. The first term is the contribution from the incident
wave. The second term is the direct scattering from other particlles. The third
contribution is from the scattering from other particles which are further reflected
by the interface. And the last term is the contribution from the boundary—particle
interaction of the particle itself. The first and the second terms are already included
in Equation (2.52). The third and the fourth terms will be derived based on the
method of image in the following. |

Consider two particles («) and () buried in a homogeneous half-space medium
with permittivity €; and conductivity ;. The upper half-space region is assumed to
be air with permittivity €y. Let the particle (a) be the receiver and the particle (5) be
the scatterer. The boundary-reflected scattered field from (8 to o can be calculated by
first putting a image particle of («) denoted by particle (—«) in the upper half-space
region and then calculating the scattered field from (5) to the image particle (—a)
(Figure 2-4) by (2.51), assuming far field approximation,

i(krooB)
— e — e - o
[ E Yn [afn(f)(ﬁ)c”mn(@s,%)l L ai(g)(ﬁ) mn (05, @s)i ] (2.53)
mn

krep

where EU* is the scattered field at the image particle (—a) due to particle 38, 7% is
the of the reflected ray path from 3 to «; (6s, ¢s) is the direction of the scattered field
from (83) to (a) (see Figure 2-4), @5®) and @5(M)(®) are the expansion coefficients
of the scattered field from particle 3, and k is the wave number in region 1.

The field at the image particle (—a) can be converted to a wave impinging on the
particle a by multiplying it with a reflection coefficient matrix ﬁ(a’ﬂ), which describes
the reflection of the scattered wave from the interface. Then the field exciting the

particle () from this contribution is
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incident wave

Figure 2-4: The use of Image particle (—a) to approximate the contribution from
boundary reflectd term.
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i(kreB)
e =(,8) = —p— = n
Tam B2 Y (05000 T (0, 8,)i + a5 OB (64, 64)i7"]

i (2.54)

F(a) _

We can further expand this field (2.54) in terms of the regular vector spherical
wave functions by taking the dot product of (2.54) with RgM and RgN and denote

this new expansion coefficient to be a/3()

a;:rszj'i(zM)(ﬂ) _ (_ ) (2n -+ 1) éz : —C_—mn (eu ¢‘i) + QAS'L' : 6——‘mn(gi, ¢z)
as (M) Ymn 71 + 1) 0; + (—iB_mn (05, i) + i - (—1B—mn (0, $3))

1.(’6;1" ﬂ)—(a,ﬂ)
. kr“’ﬁ

> Vmin [Ginind) Cormt (B, 80)i™ ™1 + @it Bt (65, 65)i™ | (2.55)

m'n’
Equation (2.55) is the expression for the contribution from the boundary-reflected

scattering from the particle 5. Also let

F/S(M)(B)
a%b) = (2.56)
FS(B)

as usual. By adding this contribution to Equation (2.52), we obtain the multiple

scattering equations for buried particles,

ES("‘) Z {T( )E(kr 7',6) S(ﬁ)} + 6z(k'ra)T( )aznc + Z T(a) as® (2'57)
p=1 B=1
B#a

Note that the summation over the new term @5 added starts from 1 to N which
means that the contribution of the boundary-reflected scattering from the particle «

itself is already included in (2.57).

2.6 Monte Carlo Simulation

In this section the Monte Carlo technique will be applied to calculate the backscat-

tering from a layer of buried particles. The model configuration used in this approach
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will be specified first. Then the multiple scattering equation will be solved using an
iterative technique. The solution process will be repeated for many realizations and

averaged to calculate the backscattering coefficients.

2.6.1 Configuration for The T-matrix Approach

The model configuration used in this approach is shown in figure 2-5. Then, in the
Monte Carlo simulation, for each realization, the model consists of finite number of
particles with deterministic locations. However, the positions of particles will vary
with different realizations. The locations of particles are generated using random

number generators and the overlapping between particles is checked.

2.6.2 Iterative Solution

The multiple scattering equation (2.57) is solved using an iterative technique. For
each iteration, the scattered field expansion coeflicients are obtained from the previous

calculation as

N — N __
29t = Y T 5(rarz)a @0} 1 T Vg, 1+ ST V7500, (259)

B=1 =1
B#a s

where @5(®(*+1) ig the solution of the (v 4 1)* iteration, and @>»® is the solution
of the (v)™ iteration. Once the result from the v** iteration is obtained, it will be
substituted back to right-hand side of the equation, where the @$(®)® represents
the contribution from the reflected scattering term and can be obtained from @5()®)
by using (2.56), and (2.55). Thus for the zeroth-order iteration, the contribution to
a®®M) is only the incident wave @in.. The iterative process can be carried on up to

the desired order. Then the scattered field is obtained by using (2.29) given in Section
2.2.

In the ¢ — th realization, we denote the backscattering field to be E*. Then the
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= N |

Figure 2-5: Configuration used in T-matrix approach.
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backscattered intensity for the 7 — th realization is

r'=%.E"

(2.59)

where the * denotes the complex conjugate. The averaged field {( E ) and the averaged

intensity I.., are obtained by averaging over M realizations,

— 1M
<E>—'M‘i=1
1 M U o
Icoh'_‘ﬂ';(E E)

The incoherent backscattered intensity I;,.on is calculated as
Iincoh = Icon — |< E >|2

The backscattering coefficient is

. 47”'2 Iincoh
o= lim —_—
r—oo A EO . EO

35
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(2.61)

(2.62)

(2.63)
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Chapter 3

Radiative Transfer Theory

The radiative transfer theory (RT) has been used to model microwave scattering
from geophysical media extensively, 7], [8], [10], [11], [19], [20], [21], [22], [27], [29],
[31], [36]. Even though it deals only with the intensities of the field quantities and
neglects their coherent nature, it accounts for the multiple scattering and obeys energy
conservation. The propagation characteristics of the Stokes parameters are described
by an integro-differential equation. Iterative and numerical (or discrete eigenanalysis)
methods have been used to solve RT equations. The iterative method is convenient
for the case of small albedo when the attenuation is dominated by absorption. It also
gives physical insight into the multiple scattering processes since there is a one-to-one
correspondence between the order of iteration and the order of multiple scattering.
The discrete eigenanalysis method provides a valid solution for both small and large
albedo cases. There are two principal constituents in the RT equation. The first one
is the extinction matrix, which describes the attenuation of specific intensity due to
absorption and scattering. The other is the phase matrix which characterizes the
coupling of intensities in two different directions due to scattering. Although RT
does not take into account the coherent wave interactins, it can be applied to deal
with scattering problems having much more complex geometry, such as snow terrain,
sea ice and vegetation canopies. Rough or flat surface boundary conditions can be
imposed at each interface of the layered structure [30],[23].

In this chapter, the radiative transfer theory approach will be presented. First in
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Section 3.1, the radiative transfer equation is given as well as the definition of the
Stokes vector. The constituents of the RT equation and the boundary conditions are
also derived in Section 3.3 and Section 3.2 respectively. Then the numerical method

of solving the RT equation is given in Section 3.4 using planer surface boundary

conditions.
incident
intensity .
scattering
\ /’/( intensity
region 0 e 4 i €9 Ug

® o ®
S, o
rslonl.. “ ()
oo ®, 00

region 2 €mHULoOm & HoOs

Figure 3-1: Configuration for the two-layer with discrete spherical scatterers.

The configuration used for the RT approach is shown in Figure 3-1. The model
consists of a layer of discrete scatterers embedded in a homogeneous half-space
medium. The discrete scatterers are characterized by their fractional volume (f),
permittivity () and size (a). The background medium in region 1 is described by
its thickness (d) and permittivity (¢;). Region 0 is assumed to be free space with

permittivity €. The region 2 is homogeneous half-space medium characterized by
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permittivity (ez), which may be the same as that of region 1.

3.1 Equation of Transfer

In this section, the radiative transfer equation is first introduced along with the

definition of the Stokes parameters.

The Stokes vector associated with the incident wave is given by

- - r -

Ivi EmE:;z

T.=] ™ |== nTh (3.1)
Ui M| 2Re(EwE;;)
Vi | 2Im (EwE};) |

Similarly, the Stokes vector associated with the spherical wave scattered from a

random medium is

Iys (Est:s>
o | 1 2 EnEf,
To=|"|==lim — s B (3.2)
U, | 7 a2% Acosbs | 9Re(E,,E},)
Vs | 2Im (E,E;,) |

where 7 is the characteristic impedance, A is the illuminated area and () denotes

ensemble average.

For a two-layer structure, the radiative transfer equation inside the particle layer

can be written as [30]:

cos 6 %f(@, 6,2) = —Ful6,0)-1(6,,2)

+ / AV P9, 4:6,¢) - 10, ¢, 2) (3.3)

4
This equation is based on the energy transport and can be interpreted in the
following way. As the intensities propagates through an infinitesimal length ds =
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dz/ cosf, there is a attenuation (%) due to the absorption loss and scattering loss,
but they are also enhanced by the scattering from all other direction (¢’,¢') into
the direction of propagation (6, ¢). The coupling is taken into account by the phase

matrix P and the integration over solid angle 47 in Equation (3.3).

3.2 Boundary Conditions

In order to completely solve the intensities inside the layered structure, we must
specify the boundary conditions at interfaces z = 0 and z = —d.
For planar surfaces, the boundary conditions have the following form [23]:

Interface 1 (z =0):
I(r — 8,6,z = 0) = To1(60) - Tos(m — 8o, $o) + Ruo(8) - 1(6, 6,2 = 0) (3.4)
Interface 2 (z = —d):
10, ¢,2z = —d) = Rio(60) - I(m — 0, ¢,z = —d) (3.5)
where Iy;(y, ¢o) is the incident source in region 0 and is given by:

T (60, ¢o) = T0;0(cos By — cos bp;)d(do — o) (3.6)

and ﬁm, ﬁlz are the reflection matrices which relate the incident to the reflected
Stokes vector in region 1 at interface 1 (z = 0) and interface 2 (z = —d), respectively.
Similarly, 701 is the transmission matrix which relates the incident Stokes vector in
region 0 to the transmitted Stokes vector in region 1 at interface 1 (z = 0).

These reflection and transmission matrices for planar surfaces are given in [23].

The matrices at the interface oo — 8 have the following form:
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ﬁ043(601) =
|Yaﬂ IZ
= ! 0
Taﬂ(9 ) Gﬁ
ea 0
i 0
where

[ 1S.52 0 0 0 ]
0 lRaﬂ|2 0 0
0 0 Re(SasRis) —Im( aﬂR 5)
0 0 0
lXaﬁlz 0 0
93) 93) *
0 SEHRe(YopXys) —miBIm (YopXsp)
(L) 0s) X
0 22:&) ;I (Yop aﬂ) %:SEET;%R (YapX, ﬂ) i
koo —kas
R — azi Bzi
o kazi + kﬁzz’
kzkazi - k2k 21
Sas = -5 o ?
kﬂkazi + kakﬂzi
Xop = 1+ Rup
Yaﬁ = 1+ Saﬂ

(3.7)

(3.8)

(3.9)

(3.10)
(3.11)

(3.12)

and €, and € are the real parts of the permittivities of the medium o and medium

B respectively.

Once the solution inside region 1 is obtained, the scattered Stokes vector can be

calculated by using the following boundary condition:

708(007 ¢0a z = 0)

= Ro1(80) - Toi(m — 8o, do) + T10(8) - 1(8, 6, z = 0)

where ¢ and ¢y are equal, and € and 6, are related by Snell’s law.
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3.3 Phase and Extinction matrices

In this section, we shall derive the phase and extinction matrices for spheres. The
Laplace equation is used to solve for the induced dipole moments in a sphere due to a
plane incident wave. The radiation of the induced dipoles gives the scattered field of
the object. Because of the usage of Laplace equation rather than the wave equation,
the derived scattering function matrix is only valid in the low-frequency limit when
the particle size is much smaller than the wavelength.

The Stokes matrix relates the Stokes parameters of the scattered wave to those of
the incident wave whereas the scattering function matrix relates the scattered field
to the incident field. For the case of incoherent addition of scattered waves, the
phase matrix is the averaging of the Stokes matrices over orientation and size of the
particles. Thus, we shall study the Stokes matrix of a single particle.

Consider an incident field E; on a scatterer which give rise to the scattered field
E,. Both fields are decomposed into two polarizations, horizontal (h) and vertical

(0). The relation between the scattered field and the incident field is given by the

scattering matrix and the following equation :

Evs thr ] v Evi
_e foo fon | (3.14)

Eps "0 fao fan Eh;

where k is the wave number in the background medium, r is the distance from the cen-
ter of the scatterer and f,5 are elements of the scattering matrix, which are functions
of incident and scattering directions and the shape and permittivity of the scatterer.

The Stokes matrix f(@, $;0',¢') relates the Stokes vector I; associated with the
incident field to the Stokes vector I, associated to the scattered field

— == P
I, = L6, 49,67, (3.15)

Because of the incoherent addition of Stokes parameters, the phase matrix ?(9, b, 6, ¢")

is obtained from the scattering matrix and by incoherent averaging over the types,
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dimensions and orientations of the scatterers. For example, the phase matrix for a

mixture of ellipsoids is given by

P(0,¢:6,¢) = no/da/db/dc/da/dﬂ/d'y
'p(ay b, cq, ¢87 7) ' f(ey ¢) 6,’ (b,) (316)
where n, is the number of scatterer per unit volume; a, b, ¢ are the lengths of the
ellipsoid semi-major axis; «, 3, are the Eulerian angles which give the orientation
of the ellipsoid and p(a, b, c, @, B,7) is the joint probability density function for the

quantities a, b, ¢, o, B, y. For the case of spherical scatterers, Equation (3.16) reduces

to an easy form:

P6,4,0,4) = n.L(6,$;6', ¢) (3.17)

where the Stokes matrix f(ﬂ, ¢;6',¢) is given by :

| fou|? | fon]?
T06,6:0,8) = | fou|? | fon|?
2 Re (fufiy) 2 Re(fonfrn)
| 2 Im(fufh) 2 Im (fonfin)
Re (fou fin) ~Im(ffi) |
Re (frofin) —Im (fro f3in)

(3.18)
Re (.fwflih + fvhf;:v) —Im (fvvf;:h - fvh.fi:u)

Im (fvvf}’:h + fvhf}ty) Re (fvvf}th - fvhf}tv) ]

The other component of th RT equation is the extinction matrix. For spherical
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particles the extinction matrix is simply diagonal

(ke 0 0 0|
- 0 k. 0 O
Ke = (3.19)
0 0 k. O
| 0 0 0 =k |

where k. is the extinction coefficient whihc is equal to the summation of the scattering
coefficient k, and the absorption coefficient x,.

The phase matrix f(e, #;0',¢'), the scattering coefficient «,, and the absorption
coefficient k, for a small spherical dielectric particle are given in the following.

The scattered field from a Rayleigh sphere is given by

_ k.2eilc'r - A _
= - 3'1)0:!](.[ - ksks) . éz 0 (320)
and
€; — €
= 21
U= o (3.21)

where vy = 4ma3/3 and €, and € are the permittivities for the particle and the back-

ground medium respecitvely. Hence, the scattering function matrix is

F(6, 65360 8) = K32 (T ~ ) - (T - kb (322)
From the scattering function matrix ?, we can calculate the Stokes matrix L and the

phase matrix P. For spherical scatterers , the phase matrix is obtained as

Py Py, P3 0

Py Py P. 0
6,6.6,4) = o P Pos (3.23)
Py Py Pz 0

0 0 0 Py

ol
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where

Py, = wsin® @ sin? @' + 2sinOsin & cos @ cos &' cos(¢p — ¢') + cos? § cos® 6’ cos?(¢ — ¢')]
(3.24)
Piy = wcos® §sin’(¢ — ¢') (3.25)

P13 = wlcosfsinfsin @ sin(¢p — ¢') + cos® O cos §' sin(¢ — ¢') cos(d — ¢')]  (3.26)

Py, = wcos? @' sin®(¢ — ¢') (3.27)
Py = wcos?(¢p — ¢) (3.28)
Py3 = —wcos @' sin(¢ — ¢') cos(d — @) (3.29)

P3; = w[—25sinfsin @ cos @ sin(¢ — ¢') — 2 cos b cos® &' cos(¢p — ¢') sin(p — ¢')] (3.30)
P33 = 2wcosfsin(¢p — ¢') cos(¢p — @) (3.31)

Ps3 = wlsin O sin §' cos(¢p — ¢') + cosf cos @' (cos?(¢p — ¢') — sin®(¢ — ¢'))]  (3.32)

Py = wlsinfsin 6§’ cos(¢ — ¢') + cos O cos §'] (3.33)
3
W= ks (3.34)

and &, is the scattering coefficient

8T
kg = ?ngk‘*aslyP = 2fk*a3|y|? (3.35)
where f = ngvy is the fractional volume occupied by the particles. The internal power

absorption due to one single scatterer is

2 | Bol?
2

—=int ,_, |2
//_E (r)‘ . n
dvwe, ——— = yowe, (3.36)

where the €/ is the imaginary part of the permittivity of the particle. The absorption

cross section o,, hence, is
3¢

04 = Upwe'n | ————
a = YoesT) (€5 + 2¢)

(3.37)
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The absorption coefficient due to the scatterer is ngo,. Therefore, the absorption

coefficient is
€II 2

Ko = fk=2

€

3€

139 (3.38)

Extinction coefficient k. is the sum of ks and x,. The extinction matrix is diagonal

with each element equal to k..

3.4 Numerical solution

In the this section, the RT equation is solved using the discrete ordinaﬁe—eigenanalysis
method [30],[23], or so-called numerical RT. All orders of multiple scattering effects
are included in this numerical solution.

First, the RT equation is expanded into Fourier series of the azimuthal angle ¢.
Thus the ¢ dependence in the radiative transfer equation is eliminated. Then, the
set of all integrals over ¢ are carried out analytically. The resulting RT equation is
solved using the Gaussian quadrature method by discretizing the angular variable 0
for each harmonic of ¢. Thus, the RT equation is transformed into a set of coupled
first-order differential equations with constant coefficients. This set of equations is
solved using the eigenanalysis method by obtaining the eigenvalues and eigenvectors
and by matching the boundary conditions to determine the unknown coefficients. The
detail of this method is described in [23], the main steps of numerical procedure are

given in this section.

3.4.1 Fourier Series Expansion in Azimuthal Direction

Starting with the radiative transfer equation, we first expand the Stokes vector and

the phase matrix into a Fourier series of (¢ — ¢'):

= / / = 1
PO,4:60,4) = > AT omo)r

[P™(0,0) cosm(p— ¢)+ P (6,0)sinm(¢—¢)] (3.39)
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oo

1(0,4,2) = Y [T7(6,2)cosm(¢ — ¢') + T7"(9,2) sinm(¢ — ¢')] (3.40)

m=0

The incident Stokes vector can be written as:

Toi(m = 60,¢0) = Io; 6(cosBy — cosBy;) 6(do — doi)

= To; 6(cosfo — cosfp) Y

=0 (Zl—i-—;mo); cos m(o — bo;) (3.41)

where m is the order of harmonics in the azimuthal direction, and the superscripts c
and s indicate the cosine and sine dependence. The J;; is the Kronecker delta function

and is defined as:

0 if i#7

Also note that the zeroth-order sine dependence terms are zero.

1 if i=4
5ij={ b (3.42)

=~

°0,2) =0 (3.43)

8

6,2z) =0 (3.44)

L

Substituting (3.39)-(3.40) into the radiative transfer equation and carrying out
the integration over ¢’ leads to the following RT equations.

Form=0,1, 2,3, ..

d C _ = Fmc W Y /
coseal 0,2) = —FRe(0)-1 (0,z)+/0 df' sin 6

x [P(6,8)-T™®,2) - P (8,60)-T™(¢,2)] (3.45)
cos 0 —C—l—Tms(ﬁ 2) = —Re(0) -T7°(0,2) + / " 40’ sin @
dz K (-4 M 0

x[P7(0,0) T™(¢,2)+ P (6,6)-T™(¢,2)] (3.46)

One should note that these two equations are coupled. Next, we will define the even

and odd modes in order to decouple the above two equations.
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The general form of the phase matrix for an azimuthally isotropic medium is [23]:

i piy 0 0
—me meopme 00
P 0,0) = | P2 (3.47)
0 0 pi° poye
| 0 0 Py Pis |
0 0 o5 iy
—ms 0 0 P P
P 6,0) = s P (3.48)
p3’ piy 0 0
Py P 0 0]
Using this symmetry, we can decouple Equations (3.45),(3.46) into
d—ma — —mao
cos—1I "(0,2) = —F.(0)-I (0,2)
dz
+ /[ " sin 0P (0,0) - T, ) (3.49)
0
where o = e or o (even and odd modes) and
[ 17(6,2) |
e Ie(0, z
I™0,2z) = we(0,2) (3.50)
Uums(0, z)
| V™0, 2) |
[ 179(6,2) |
—mo (0, z
70,2) = #(0,2) (3.51)
Ume(9, z)
I Vme(d, z) ]
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p'ﬂc p':l'r%c _pvl'rés _pﬂs

F0e,0) = |PH PR PR PR (3.52)
, — .

A v S O

ms ms e TNnC
| Pa1 Ps2 Py Py |

mc mc ms ms
b1 P12 Pz DPig

mc mc mS ms
Pa1” D22’ P23 DPag

ms ms mc mc
P31 P33 P33 D3y

ms mns mc 17.C
| P41 Paz P43’ Dus |

P 6,9)

Il

(3.53)

In this formulation the boundary conditions become
T —6,2=0) = To,(6o) - Toi(r — ) + R1o(8) - T"*(6,2=10) (3.54)

T"0,z=—-d) = Rp®) -T"(r—0,z=—d) (3.55)

where ﬁﬂv and ?ﬂ'y are the coherent reflection and transmission matrices, respectively,
for planar surface given in Section 3.2. The scattered Stokes vector in region 0 can

be obtained by using
Tos(60) = T1o(8) - T"%(6, 2 = 0) + Rou (6o) - Ty (m — 6o) (3.56)

where 6, is related to 8 by Snell’s law and

[ IvOz’ -
T (m— o) = " (3.57)
0
| 0 ]
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e
o 0
Lo (m—60) = (3.58)
Uoi
| Voi |

It should be noted that the superscripts me and mo will be dropped from now on,
since the procedure for obtaining the solution is the same for all the harmonics m

and all the modes e, o.

3.4.2 Upward and Downward Propagating Intensities

First, the following matrices are defined:

L. = | 02 (3.59)
_Ih(9,z)_
L. = | J0? (3.60)
| V(0,2) |
7a(0) = Ren(d) 0 (3.61)
0 5622(9)

Fo(0) = (3.62)

Pu(6,0) = (3.63)
Pn(0,0) = , (3.64)

Px(6,0) = , (3.65)




(3.66)

Pu,0) = |00 P00
pa3(6,6') paa(6,0)

where only six elements are needed in the extinction matrix due to azimuthal sym-
metry.

Using these definitions, Equation (3.49) can be rewritten as:

d- _ - T
cosf -T1(6,2) = ~Fu(6) Ti(6,2) + /0 d6' sin 0
[Pu(6,6)-Th(6',2) + Pra(6,0) - To(6',2)]  (3.67)
cost9—d~7 (0,2) = —Fea(0)-12(6,2) +/7r df' sin ¢’
dz 2\Y, - e2 2\Y, 0

[P21(0,0) - T1(0',2) + Pna(6,0) - To(0,2)]  (3.68)

Furthermore, each of these equations can be broken into upward (6, z) and down-

ward (7 — 0, z) propagating intensities, which gives:

037,02 = 7, (0)-T,(0 "2 00 sin ¢’
cos m 1(0,2) = —Fal(f) - 1(,z)+/0 sin
[P (6,0) - T1(¢,2) + Pry(0,7 — 0) - Ty(n — 0/, 2)
+Pra(0,0)  To(0',2) + Pro(8,m — ) - To(m — 0/, 2)]
(3.69)
d -~ = - T
—cos@all(ﬂ-e,z) = —K}el(G)'[l(ﬂ'—e,Z)*l—/o df' sin @
[Pu(0, 7 — ) 11(0,2) + Pru(6,0) - To(x — 0, 2)
- ?12(0,7’( - 9’) . 72(9,, Z) — ?12(9, 0’) . 72(71’ - 0’, Z)}
(3.70)

0 1T.00.2) = —%u(8) - To(8 " 0 sin ¢’
coS a;g(,z) = —Fe(0) - 2(,z)+/0 sin
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[?21(9, 0')-1:(¢', 2) +$21(9,7r —0)-Ii(r—0,2)
+ ?22(0,9/) . TQ(GI,Z) -1"?22(9,71' - 9’) '72(71' - QI,Z)]
(3.71)
0 LTy(n—0,2) = —Fn(0) - To(r—6 " 0 sin 0/
cos dz o(m —0,2) = —Fea(0) - Lo(m — ,Z)+/0 sin

[—?21(9, ™ — 9,) . 71 (9/, Z) - ?21(9, 9’) . —jl(’ﬂ' - 9,, Z)

+ ?22(9,71’ - 0’) . TQ(GI,Z) +fzg(9,9’) '72(71' - 9’,2)]

(3.72)
where the following reciprocity relations have been used for a, 8 =1 or 2.
ea(f) = Feal(m —0) (3.73)
Pos(r—0,m—0") = (—=1)* Poy(6,0) (3.74)
Pog(m —0,0") = (=1)*" Pog(6, 7 — ') (3.75)

3.4.3 Gaussian Quadrature Method

The set of decoupled radiative transfer equations without the azimuthal dependence
for each harmonic can be solved numerically using the Gaussian quadrature method.
Consider an integral
1
L= [ duf(w) (3.76)
over the interval -1 to 1. Then the integral can be approximated by
L= 3" aj f(u) (3.77)

j=—n

where the summation j is carried over j = £1,+2, £3, ..., £n, y; are the zeroes of the

even-order Legendre polynomial Py, (), and a; are the Christoffel weighting functions
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which can be found in [1]. The y; and a; obey the relations
a; =a_; (3.78)

[ = =i (3.79)

By letting u = cosf, the integral over df can be approximated by a quadrature

formula as follows

/O7r dfsin 0 f(cos 0) ~ iajf(pj) (3.80)

This Gaussian quadrature is used to discretize Equations (3.69)-(3.72). Then, Equa-
tions (3.69)-(3.72) become :

_ d_ . — = —_— — == — —_— i - —_— = — _—
—ﬂl%[i = —R—61°I—1|—+F11'EI']-1‘-+B11'EI Il +F12 EII;'*]-BQ_&JIQ

(3.81)
= A= = T . B = F+ | T = F- 5 = F+ T = F—
—M-all = “/fel‘Il +B11-a'11 +F11-a Il—Blg a Iz—Flz'a Iz

(3.82)
- d-= - = = - = = _ = - = = 4 -
g'.a;f; = Rl +Fs-@- I, +Byn-@ -1 +Fo-@ -1y + By -7 -1,

(3.83)
= d— = s 5) = Ft+ T = F- | T = F+ | T = F
——N'ZZ—;IQ = —Kez'IQ-—Bgl‘a'Il——le'a Il +B22 CL'IQ +F22'CL°IQ
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ek -+
where I and I, are 2n x 1 vectors

I,(tu, 2) U(tp, 2)
- IU(:':'U’WJZ) == U(:t/,bn,Z)
Ih(ﬂ:ul,Z) V(:{:/Jll,Z)

| In(fpn, 2) | | Vi(Epn, 2) |

and _—ﬁag and fag are 2n X 2n matrices

Paﬂ“ (:ul, Ml) e Paﬂn (/1'1’ ,Ufn) Pa,@m (/J'la Nl)
? . Paﬂn (/Jm :U’l) e Paﬂu (/J'na ,un) Paﬁlz (/’Lm lu]-)
af —
Paﬂzl (Ml: ,Ufl) e Paﬂm (/1'17 ,Ufn) Paﬂzz (va Ml)
L Paﬁm (:U'na :ul) e Paﬂ21 (/l'na Mn) Paﬁzz (Mm ﬂl)
Pogyy (1, —p1) o+ Popyy (1, —pin)  Popi, (11, —p1)
§ _ Paﬁu (,um _Ml) t Paﬂu (/v‘na ‘“,Un) Paﬁlz (/“Lna ‘_/»h)
af —
Paﬂzl (Mb —'/1,1) e Paﬂm (,U'la _/J'n) Potﬁzz (/l'la _Ml)
| Pogor (B —p11) =+ Pogyy (ns —tn)  Pags (Bny —1i1)

and 7@ and @ are 2n x 2n diagonal matrices

ﬁ, = dia'g[,u’h“')Mnhula"".u’n]
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Paﬁlz (:U'h Mn)

Paﬂm (Mm Hn)
Paﬂéz (:U'l: Nn)

Paﬁzz (,um ,u‘n)

' Paﬁlz (/1’17 _.un)

Paﬂm (.una _Nn)
Paﬂzz (Ul, _Nn)

Paﬂzz (.U/na _,un) ]

(3.85)

(3.86)

(3.87)

(3.88)



= N
a = diagla, ,an,a1, -, an)

(3.89)

The system of 8n first-order differential equations, (3.81)-(3.84), can be put into

more compact form by defining two 4n x 1 vectors

-+ | 3= ++ -
I, +1 - I, -1
o=, | L= (3.90)
such that the upward propagating intensity T"is given by
I’ 1
= = —= Ia, s 91
I [T ;] 2[ + 14 (3.91)
Using (3.90), Equations (3.81)-(3.84) become
.47, - W.I (3.92)
Brazse = ¢ '
7. 47 AT (3.93)
Braz's ¢ '
where W and 4 are the 4n x 4n matrices
_ %y 0| [Fu-Bun) Fu+Bu) | _
T B 1 Ol (=11 =11) (=12 =12) . (3.94)
| 0 K2 | | (Fa—Ba) (Fa2+ Ba) |
= (% 0| [ Fu+Bun) Fu-Bu) | _
v 3 1 Ols (=11 =11) (=12 ==12) 5 (3.95)
| 0 R | | (Fa+Ba) (F22— Ba) |

The matrices ﬁw and ﬁaﬂ, a,B = 1,2, are given in (3.86) and (3.87), and %z and @

are 4n x 4n diagonal matrices

(3.96)

diag [pa, -y s 1,7+ Hny 15" < iy 41,7 * 5 )

=i
Il

ol
I

dia’g[a’l’ ct 3 Qpy A1,y Qp,y Q1,00 0y Ay G, 0 0 ')an] (397)
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3.4.4 Eigenanalysis Solution

The homogeneous solutions for Equations (3.92) and (3.93) have the following form:

a — Iaoeaz (398)

~i|

~il
»
|

I ,,6%* (3.99)
and I,, and I, satisfy the following eigenvalue equations

—_1 = =1 = o= —_

F W F " A-0) ToW=0 . (3.100)

To=0a'-T "4 T, (3.101)

where T is an identity matrix. The above system of equations has 4n eigenvalues
corresponding to +a;. The eigenvectors I,; associated to the eigenvalue o; can be
regrouped in the matrix E which is a 4n x 4n matrix. Therefore, the solution can be

written as

I. = E-D(»)- g E-TUlz+d)- -‘g— (3.102)
where Equation (3.101) has been used to obtain /,, and
Q =7 4-E-7! (3.104)
ﬁ(z) = diag[e™?, .-, e""*] (3.105)
U(z) = dlag[ oz '--,e‘o“‘”z] (3.106)
a = dlag [al, sy oz4n] (3107)

where T and 7 are 4n x 1 unknown vectors which will be solved by matching the

boundary conditions. Using Equation (3.90) the solution for the upward and down-
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ward propagating Stokes vectors can be recovered

T'z) = (E+Q) D)7+ FE-0)-Uz+d) -7 (3.108)
TG = (F+0) D) 7+F -0Q) - TUz+d 7 (3.109)
where
E =37'W.0-3 (3.110)
0 =7 4A-E-7" (3.111)
and
W= R0 ~+— (il*zl) (Fi2 + Bun) - @ (3.112)
| 0 —Fee | | ~(Fa—Ba) —(Fa+ By) |
O B T B R R AR Ol e
| 0 Re | | (Fa+Bau) (Fa—Bx) |

Finally, using the boundary conditions (3.54) and (3.55) which can be put in the

following form

T'(z=-d) = Ry-T (z=—d) (3.114)

(2=0) = Ri-T (z=0)+To - Iy, (3.115)

where
) ik€o COS 90 k

q1
i aje} cos by (3.116)

1], = [
which takes into account the discretization of the delta function [50], and €] is the

real part of €, 0 and 6y are related by the Snell’s law. Combining (3.108),(3.109)
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and (3.114),(3.115) leads to the following system of 8n x 8n equations

(F+Q)-Fu-B+Q  {F-T)-Fu E-0)|D(-q)

{E+Q-Fu-@+D)}D-9)  F-0)-Fu F-Q)

(3.117)

Once the solution to this set of equations is obtained, T and 7 can be inserted into

the boundary condition (3.56) to obtain the scattered Stokes vector in region 0,
Iy, = ?10 : T+(Z =0)+ ﬁm . T;z (3.118)

where T'(z = 0) is obtained using (3.108). The total solution can be obtained by
reconstructing the Fourier series for the odd and even modes. The backscattering

coefficient 0,4 can be determined from the scattered Stokes vector I,s

2 *
Gus = lim Anre ( EosEY, )

A1

A—r00

where o, = v or h and A is the illumination area.
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Chapter 4

First Order Analytical

Approximation

In this chapter, we shall derive the First Order Analytical Approximation solution
for the scattering from multiple spheres. The First Order Analytical Approximation
solution is obtained by taking the configurational average over the first order scatter-
ing solution of the multiple scattering equations derived in chapter 2. In this method,
the statistics of the positions of particles will be applied. Since we use the probability
density function of the particle positions, there is no need to calculate the average over
many realizations as in the Monte Carlo technique,which makes this approach much
more computationally efficient than the T-matrix—Monte Carlo simulation approach.

It will be shown later that this simple solution gives a reasonable approximation
in cases when the fractional volume is small. The simple analytical solution gives
a good approximation and has advantages in terms of the computational time and
the complexity of the governing equation for the calculation of scattering. Also the
First Order Analytical Approximation approach includes the effects of coherent wave
interactions. However, the multiple scattering is neglected in this approach, which is
the trade-off for its simplicity. In the derivation, we assume all the particles to have
independent position, which means the pair distribution function is equal to one. This
assumption is not valid when the medium is dense. Thus this analytical approxima-

tion is valid in the limit of small fractional volume only. The better approximations
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of the pair distribution can be found in [30].

4.1 Scattering from a Single Particle

Y

Figure 4-1: Incident plane wave E, on a small particle gives rise to scattering wave
E,.

We assume that all the particles have sizes which are small enough to be in the
Rayleigh scattering regime. The scattered electric field E, resulted from the incident

field Ey (Figure 4-1) for a small particle of radius a centered at origin is given by [13]:

- ikr
E,=— (%—;Tm) k2a3er Egysinf (4.1)

where €, is the permittivity of the particle, ¢, is the permittivity of the background

medium and k = w,/li0ém. If the scatterer is located at 7, and applying the far field
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approximation on the term |7 — 7|, the scattered field then becomes

E,=— (——63 —Sm ) k2a3e—m:e““-°3'f'E e* ™ gin @ (4.2)
g €5 + 2€m, r 0 '
where k is the k vector of the incident wave and the k, is the & vector of the scattered

wave. If we are interested in the backscattering direction only, then
_Es = Ei, Sin0 e 1
and the backscattered field is

B, =- ( e, ) bR gy (4.3)
g € + 26, o ’

4.2 Scattering from Multiple Particles

Equation (4.3) is the scattered field in the backscattering direction from a single small
particle centered at 7 based on Rayleigh’s formulation. In this section, we consider
the scattering from multiple particles as shown in Figure 4-2. It is assumed that
all the particles have the same size ¢ and permittivity ¢;. The background medium
is homogeneous with permittivity ¢,,. In this section, the background medium is
assumed to be lossless.
The backscattered field from a particle ¢ centered at 7; is given by:
€. — € - eikr

E._:__(s m)k232zk-r,~E___ 4.4
5 €s + 2€m ae oy (44)
The total backscattered field from all particles is just the sum of scattered field

from each particle

E,=- (——-63 - ) ERT R S (4.5)
: € + 2 “r & '

where N is the total number of particles in the interested region. We note that

Equation (4.5) is the first order solution of the multiple scattering equation derived
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=N |

Figure 4-2: Configuration for First Order Analytical Approximation: Multiple parti-
cles confined in a rectangular box in an unbounded homogeneous medium
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in Chapter 2, which means we ignore the higher order multiple scattering effects and
consider only the contribution from the incident wave impinged on that particle.
From (4.5), we can see that the random position of 7; gives random phase fluctu-

ation. Taking the configurational average of (4.5) gives

€5 — €m etkr

€s + 26,

(E;)=— ( ) k*a®E, N/Vdfi p(F;)eZkeT (4.6)

T
where V' is the volume containg the particles. The angular bracket ( ) denotes the
configurational average.

We also assume the single particle probability density p(7;) to be

p(T:) = “1; (4.7)

For a rectangular volume V = L x L x D, the Equation (4.6) becomes

. €s — €m kQ 3E e*r N % d 2iksx; % d 2ikyy; % d 21k 2;
<Es>*—(63+26m) i LQD/_g e /_!2: vie /_g “c
(4.8)

Performing the integration, we obtain the equation for the average total scattered

field

€5 — €m ezkr

€s + 2¢p,

(E,)=— ( ) k24 By “— N {sinc(k, L)sinc(k, L)sinc(k, L)} (4.9)

r

where sinc(z) = sin(z)/z is the sinc function.

The incoherent scattered field &, is defined as
E=E,—(Es) (4.10)

The average of the incoherent scattered fields is zero, ( & ) = 0. However, the

configurational average of the incoherent intensity is not zero

(&) =(EE;) - [(B:) (4.11)
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The intensity for the backscattered field (4.5) is

() v
€5 + 2¢,,

The double summations are separated into two terms, for ¢ = j and 7 % j. Thus,

IE5|2 =

Z esz 7i Z e—sz 7y (412)

N _ N o ‘ N N
; knze kT ZZ 2ik-(Fi—7;) (413)
i= i=1

j=1

—

o,
[

The configurational average of (4.12) is performed with the double summation in

(4.13) replaced by an average over the two-particle joint probability density function

p(ﬁ'v fj)
9 €s — €m 9 3EO 2 _ = (= = 2ik(Fi—T)
<|Es|>: m kaT N+N(N—1)/Vd7'i/vd’f'jp(7“i,7‘j)6 ’}
(4.14)
On the assumption of independent particle positions,
o o, 1 1
p(7i, 7j) = p(7:)p(Fy) = Vi Tipe (4.15)

and using (4.15) in (4.14), we have
( €s — €m ) k2a3E9 2
€5 + 2€,, r

Note that the first term in the curly bracket of Equation (4.16) is the conventional

<EsE;< > =

{N + N(N - 1)sinc? (k, L)sinc? (k, L)sinc? (k. D) }
(4.16)

independent scattering result and the other term represents the correlated scattering
effects. From Equations (4.9) and (4.16), we can calculate the incoherent intensity.

From Equation (4.9), we have

( B, )* =

<—_—€is+ 26m) k%a® | [N {sinc(k,L)sinc(k, L)sinc(k,D)}]? (4.17)

Substituting (4.16) and (4.17) into (4.11), the incoherent backscattered intensity is
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obtained as

_ 2
(E6) = l(-f:%-) kZaS% N {1 = sinc(k, L)sinc?(k, L)sinc? (k, D)}~ (4.18)

We also note that the second term in (4.18) vanishes for large V' which is identical to

the result of independent scattering.

4.3 Scattering from a Layer of Particles

For the case of layered medium, we have to take into account the transmitivity of the
incident wave as well as the scattered wave. We shall begin the derivation by quoting

Equation (4.4) from the previous section.

ikr
€s — € T e
Ei=— (——’-”—) k?a®e* i By — 4.19
° €s + 26, @e 0y ( )

In the case of particles buried in a layered medium (Figure 4-2), the exciting field
for a single particle is replaced by Ty; Ey, where Tp; is the transmission coefficient

from region O to region 1. The transmisstion coefficients for TM and TE modes are

given as

TE — Qka
ot ka + kz

2¢0k
TEM = [om (0tr 4.21
o1 €o (6mk02 + 6()k:z ( )

where kg = w./llo€o is the wave number in the region 0, and k = w, /L€, is the wave

(4.20)

number in the region 1. The transmission coefficient from region 1 to region 0 of the
radiation from a dipole source is also equal to Tp; ( see Appendix A) Then Equation

(4.4) is modified for a buried particle i centered at 7; to be

eikgr

By == (S ) TR B, (4.22)

€s + 2€, T
where the far field approximation has been used. If the medium and the scatterers
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are lossy, the permittivities €,,, €¢; and the wave number k are complex numbers.

€m = ( + ZZU—G—) (423)

€s = €€} ) (4.24)

wey
where the €., e are the real parts of permittivities of scatterers and the medium,
0s,0m are the conductivities of the scatterers and the medium. However, by the
condition of phase matching with the kq in the region 0, only the complex form of

the z component of the wave vector & in the phase term of equation (4.22) will be

retained
k; = Re{k}sin6 cos ¢ (4.25)
k, = Re{k} sinfsin ¢ (4.26)
k, = kcos6 = Re{k,} + iIm{k,} (4.27)

Summation of the scattered fields from all particles is

zk'r'N

€s k-7
B =— (ﬁ) T Ka* By 262 * (4.28)

Taking the configurational average of (4.28), it becomes

€5 — lko?‘

€5 + 2¢,,

(Es)= —( )T01k2 3By N/ (;)dr;e?* 7 (4.29)

Using (4.7) and carrying out the integration over a rectangular volume, we obtain the

average backscattered field

zkor _ e—2ik;D

Nsinc(ka)sinc(kyL) (122T> (4.30)

€s —
€s + 2€,,

(Es>:—( )Tglk2 3By

From (4.28), the intensity of the backscattered field is

N N

Z eZi/?:i,; Z 6—21'/:1*4_“]‘ (431)

=1 Jj=1

zkor 2

€s
(raey) Toam

|E3|2 =
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Similarly, the multiplication of two summations can be separated into two terms,

1=jand i #J
N . N -
Zezlk.” Ze—Zch T Ze—am{kz}zt + Z Z BZZ(k Fi—k*-Fj) (4,32)
i=1 j=1 i=]1 j=1

£

Taking the configurational average of (4.31), the first term in Equation (4.32) gives

N 0 1 1 — eAm{k:}D
< Ze—-éﬂm{kz}ni > — N/;D dzi_ﬁe—éﬂm{kz}zi =N (____E_______.) (433)

p —4Tm{k,} D

where Imk, is negative since the direction of the wave impinging on the particle is

downward in the medium. The average of the second term of Equation (4.32) gives

< 2126% (k-7 —F* > = N(N — 1)/[/Vdfi//‘/vdfj%e%(kﬁ—ﬁ*ij)
1= J;él

1— e—zik,D) 2

w2 2 (
= sinc”(k, L)sinc®(k, L) ’ 2D

(4.34)

Therefore, the configurational average of (4.31) becomes

(o) e 2]
:

E.E*) =
(BES) € + 26,

—2ikzD)

N (PN L v - koL gy | Lo 0)
X <—4Im{kz}D) + N(N — 1)sinc?(k,L)sinc?( ‘ %D

2} (4.35)

2

The intensity of the average backscattered ﬁeld from (4.30) is

zk:or 2

l( E; >t2 =

€s 2.3
= M T2k%3E
(63+26m> 01 0

) ] 1— e—2ikzD
Nsinc(k;L)sinc(k, L) (W>
(4.36)
Using Equations (4.35) and (4.36) in the relationship (4.11), we obtain the expression

for the incoherent backscattered intensity for particles embeded in a layered medium

( - )ka’z ool
T

(&€ )= €5 + 26,
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< N { (%) _ 2} (4.37)

We note the second term on the right hand side of (4.37) vanishes as the volume of

1 — e—QikzD
Sinc(kmL)sinc(kyL) (m—*)
Ry

the medium is very large and the backscattered intensity then reduces to

2 1 — eAm{k:}D
N (———e—) (4.38)

(&&)= —4Im{k,} D

€s — €m 2 1.2 3@
(€3+26m)T01k “ r

The Equation (4.38) differs from the case of scattering from particles within lossless
full-space medium in that (4.38) has the decay term resulted from the lossiness in
the background medium and the two-way transmitivity. If the area of illumination
and the number density of particles are kept constant, total number of particles N
is proportional to the depth D. We can see that when the thickness of the particle
layer becomes large, the exponential term drops very fast. This means that particles
at the deeper levels contribute less to the backscattered intensity.
The backscattering coefficient is calculated from the incoherent intensity as [30]

2 *
> — lim dnr? ( E,EF)

_ 4.
r—oo A E()EE; ( 39)
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Chapter 5

Results and Discussion

In this chapter, numerical results are carried out using the three approaches described
in the previous chapters. Physical parameters used in the calculations are listed in
Section 5.1. Backscatter calculations are shown in section 5.2. Finally, the backscat-

ter, simulated using the RT theory versus radar parameters and physical properties

of desert medium are given in Section 5.3.

5.1 Parameters Used in Simulation

Parameters Range Typical value | Unit
Frequency 0.1-1.0 0.5 GHz
Incident Angle 10.0 - 80.0 | 45.0 degree
Dielectric Constant of Medium | 1.5 - 7.0 3.0 €0
Conductivity of Medium 6.0 - 20.0 | 10.0 10736/m
Fractional Volume 1.0-10.0 |5.0 %
Radius of Particles 0.5-5.0 2.0 cm
Dielectric Constant of Particles | 2.5 - 8.0 6.0 €0

Table 5.1: Parameters used in calculation

In order to simulate the backscatter of the Yuma desert, the physical characteristics
of the desert medium are needed. Unfortunately, the appropriate ground truth are
not fully available. Instead, values listed in Table 5.1 are used: these values are not

measured from the Yuma site. The dielectric constant of the background medium
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is based on the SIR-B Subsurface imaging experiment at Al Labbah Plaueau [3],
Saudi Arabia conducted in October 1984. A table showing the moisture and electric
properties of Al Labbah Plateau sand samples is given in Appendix B. The dielectric
constant of rocks is obtained from [32], a laboratory measurement of dielectric prop-
erties for various kinds of rocks. A figure showing the ranges of dielectric constants
of rocks is also given in Appendix B. The sizes of rocks in some desert terrains can

be found in [24].

5.2 Comparison of Three Approaches

All calculations shown in this section are for HH polarization. Results for the VV
polarization can be estimated based on the results for the HH polarization and by
considering the difference between the two-way transmission coefficient of the TE and
TM waves. It can be shown that the VV backscatter is about 1 dB higher than the
HH backscatter at the 45° incident angle.

Although each approach can have different model configuration. For the pur-
posed of comparison, the model configuration used in this simulation were chosen to
be identical. The T-matrix-Monte Carlo method, although it has a capability of hav-
ing particles with arbitrarily diverse sizes and permittivities, is implemented for one
species of particle only. The backscattering coefficients calculated by T-matrix—Monte
Carlo method and the First Order Analytical Approximation method both have the
limitation that the medium has to be of finite volume; while in the RT approach, the
medium is infinitely extended.

Another important parameter, which could give totally different results if inap-
propriately chosen, is the depth of the particle layer. Because of propagation loss,
the backscatter contribution due to particles lying deep below the surface tends to
decrease. The depth of the particle layer need not be too large; may be in the order
of a penetration depth.

Figure 5-1 shows the backscattering coefficient calculated using the three different

approaches as a function of particle layer thickness. The area of illumination used in
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Figure 5-1: Backscattering coefficient versus thickness of particle layer.
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the T-matrix—Monte Carlo simulation and the First Order Analytical Approximation
is 0.5 square meter. It can be seen that, for the given set of parameters, the backscat-
tering coeflicient is almost constant after the thickness of particle layer is larger than
1 meter. This is due to the propagation loss which reduces the scattering contribution
due to particles away from the interface. |

Figures 5-2 to 5-8 show the simulations using the ranges of parameters shown in
Section 5.1. In Figure 5-2, we plot the backscattering coefficient as a function of
frequency. The backscattering coefficient increases rapidly as the frequency increases.
In Rayleigh scattering, the backscattering coefficient increases as the forth power of
the frequency, or approximately 12 dB when the frequency increases by the factor of 2.
In the independent scattering model, the backscattering coefficient increases linearly
as the fractional volume or the number of particle increase. That is, backscatter
increases by 3 dB when the fractional volume doubles.

But from Figure 5-4, this approximation is not valid when the medium is dense.
Since, in the case of dense medium, the probability of finding a particle in the medium
is not uniform (no 2 particles can overlap the same space). This further suggests that
the First Order Analytical solution method, using the independent pair distribution
function, is valid for sparse medium only. However, the T-matrix-Monte Carlo sim-
ulation and RT theory method have capabilities of dealing with dense medium, as
seen in Figure 5-4 that rate of increasing is not linearly dependent to the fractional
volume.(Moreover, the backscattering coefficient even tends to decrease when the
medium is very dense, around 60 % or higher [23]. This argument is plausible since
when the fractional volume goes to 100 %, the whole medium is homogeneous, thus
produces no backscatterer.)

Figure 5-3 shows the backscatter as a function of incident angle. The effect of
incident angle to backscatter is due mainly to the transmitivity at the air-ground
interface. This explains the higher return for the VV polarization than for the HH
polarization, since the transmission coefficient of TM wave is always higher than that
of TE wave. It is to be noted that due to the limitation of Gaussian quadrature

method used in the numerical solution for RT, the RT approach cannot be used at
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Backscattering Coefficient versus Fractional Volume
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Figure 5-4: Backscattering coefficient versus fractional volume of particles.
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very low depression angle region. Using the listed typical parameters, RT can be used
up to no more than 70° incident angle only.

Figure 5-5 shows the backscattering coefficient versus radius of particles. Using the
single scattering model, the backscattering coefficient increases to the sixth power of
the radius. In our calculation, we keep the fractional volume of the particles constant,
so the number of particles decreases by inverse proportion to the third power of radius
of the particles. Then the backscattering coefficient in Figure 5-5 increases by only
the third power of radii of particles, which is 9 dB for every two-time the radius of
particles.

In Figures 5-6 and 5-7, the backscattering coefficients versus dielectric constants
of the particles and the medium respectively, we can see that when the difference
between dielectric constants of particles and medium is higher. the backscattering
coefficient increases. And when the dielectric constant of particles and medium are
the same value, the medium becomes almost homogeneous, thus producing the lowest
return, as expected. The backscatterer at this point would be minus infinity if it were
not for the conductivity in the medium which is the only difference between particles
and medium at this point.

Figure 5-8 shows the backscattering coefficient versus the conductivity of the
medium. As expected, the backscattering coefficient is lower when the conductiv-
ity is higher. The effect of conductivity on the backscattering coefficient can be easily
approximated by calculating averaged round-trip loss factor of the scattered power

from particles.

1— 64kizD

N 0 4
— zz'f'zd . = N
D [D o — 4k, D

(5.1)
ki, ~ —2—:63 cos b,

where 0, is the incident angle in medium 1. It can be seen that when the exponential

term is small, i.e. the thickness of particle layer is larger or the conductivity of the

background medium is high, the loss is approximately proportional to 1/o, which

means 3 dB decrease in backscattering coefficient if the conductivity doubles. This

expression is also useful to predict the results for the case of different thickness of
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Backscattering Coefficient versus Radius of Particles
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Figure 5-5: Backscattering coefficient versus radius of particles.
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Backscattering Coefficient versus Dielectric Constant of Particles
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Figure 5-6: Backscattering coefficient versus dielectric constant of particles.
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Backscattering Coefficient versus Dielectric Constant of Medium
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Figure 5-7: Backscattering coefficient versus dielectric constant of the background
medium.
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Backscattering Coefficient versus Conductivity of Medium
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Figure 5-8: Backscattering coefficient versus conductivity of medium.
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particles layer. If all properties of medium and scatterers and the area illumination
are kept constant, the number of particles IV is proportional to D, thus canceling the
1/D term. Then the backscatterer depends on the upper term of the right-hand side
of (5.1), which is almost constant for large D. This is interpreted as that, for the
lossy medium, the particles at the deeper distance in the medium has no effects to
backscattering coefficient as seen in Figure 5-1.

From Figures 5-2 to 5-8, we can see that, results calculated using the RT theory
and the T-matrix-Monte Carlo simulation agree well. The results calculated using
First Order Analytical Approximation also give the same trend as those of the other
two approaches, but the level of the curves is always higher. This difference may
be accounted for by: 1) multiple scattering, 2) the missing absorption term in the
Rayleigh’s scattering equation, 3) the independent particle position assumption.

Further investigation by using T-matrix—-Monte Carlo simulation to calculate the
backscattering coefficient for first order and higher order iterations (Figure 5-9) shows
that the effects of multiple scattering, in this set of typical parameters, is smaller. By
considering the leading term of the real part of T-matrix given in Equation (2.45),
section 2.3, it can be found that the effect of absorption is also very small. One can
demonstrate that difference between Analytical solution approach and the other two
method is due mainly to 3) by performing the Monte Carlo simulation using uniform
pair distribution function without particle overlap checking. The results show that
when ignoring the overlap checking in the random particle generator, Monte Carlo
simulation agrees very well with the First Order Analytical Approximation. The
difference from this effect is stronger when the fractional volume is larger, as it can be
seen in Figure 5-4, since the assumption of independent particles’ positions becomes
invalid in the dense medium, thus produces larger errors. This error becomes smaller
at the smaller fractional volume region, which is the valid region of the First Order
Analytical Approximation approach.

Comparing results calculated using the three approaches, it can be seen that they
agree well. If the computational resources required in performing the calculation of

each approach is taken into account, the RT theory appears to be the best method
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Backscattering Coefficient versus Number of iterations

”"52 T ¥ T T T T T T

W
>
T

(@]
(02}
I

Backsgattering Coefficient (dB)

_38 L 1 ! 1 | 1 1 1 1 | 1 1 1 1 | 1 ! 1 1 | L

Number of iterations

Figure 5-9: Backscattering coefficient versus number of iterations.
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among the three.

5.3 Simulation Results With Particle Size Distri-

bution

In this section, we assume that their sizes obey a Rayleigh distribution. [30]
2
n(r) = Kre 22 (5.2)

In Equation (5.2) r is the radius of the particle, and n(r)dr gives the number of
particles per unit volume having size between r and r+dr. The normalizing factor K
depends on the total fractional volume f, which is the ratio of the volume occupied
by particles to the bulk volume of the medium

— 4“{(2 n-(Hr (Z) (5.3)

where a is the mode radius at which n(a) is a maximum in the distribution.

For a given size distribution, we can discretize the continuous size distribution into
a histogram for N different sizes. Given a set of IV discretized sizes r; with number
densities n; = 3f/ 47rr3°-’ and the backscattering coefficient of the medium denoted by
o;, the total backscattering coefficient of the medium with size distribution denoted

by o; can be calculated as follow.

o f) =3 2o r) (5.4

where the o;(r;) is the backscattered power from the medium with the one discretized
size of particle r;, the ng;(r;) is the raw number density for the of the particles with
the size 7; and the n; is the corrected number density of particles with the size r;
using the size distribution function (5.2).

Hence, from (5.4), the backscattering coefficient of the medium with size distri-
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bution can be calculated from the backscattering coeflicients of N discretized sizes of
particles. Figures 5-10 to 5-12 are the results calculated using the RT approach with
particle size distribution mode radii from 1.0 cm to 3.0 cm.

As seen from Figures 5-10 to 5-12, all curves have the same trends as in the cases
with the single size particles. If we compare the results from the previous section
that uses the radius of 2 cm with the results in this section that use size distribution
with mode radius of 2 cm, we can see that the backscatters from particles with
size distribution produce much higher backscatter than that of cases with single size
particles. This is due to the contributions from the particles with large radii. Since
the backscattered power is proportional to the sixth power of the radiﬁs, the particles
with large radii , even with small numbers, tend to have the significant contribution
to the backscatter. With the given range of parameters, the calculated backscatters
range from -20 dB to -40 dB. It is possible, therefore, that the total backscatter
observed from the Yuma has a significant volume scattering component due to rocks
beneath the desert surface. It may be further concluded that the volume scattering

is important in GPR applications.
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Figure 5-10: Backscattering coefficient of medium with size distribution versus inci-
dent angle
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Backscattering Coefficient versus Frequency.
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Figure 5-11: Backscattering coefficient of medium with size distribution versus fre-
quency.
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Backscattering Coefficient versus Fractional Volume

—-10 | ; I ' T ' T :

N
o

W
o

Backscattering Coefficient (dB)

|
N
(@]
I
\
|

Fractional Volume (%)

Figure 5-12: Backscattering coefficient of medium with size distribution versus total
fractional volume.
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Chapter 6

Summary

In June 1993, MIT Lincoln Laboratory conducted a ground penetration radar (GPR)
experiment in Yuma, Arizona. During the experiment, extensive clutter data were
collected for the desert terrain. These clutter data show that, even in an area where
the surface is relatively flat and with no visible vegetation, the backscatter is signifi-
cantly higher than the noise level. For GPR, configuration, a possible explanation for
this finding is volume scattering. Volume scattering is caused by inhomogeneity in
the medium, such as rocks beneath the desert surface, heterogeneous soil types, and
subsurface features. This thesis investigates the volume scattering arisen from the
rocks.

For the ease of modeling, the desert is replaced by a lossy half-space medium, and
the rocks are replaced by dielectric spherical particles embedded in the half-space.
The radar backscatter were calculated as a function of incident angle, frequency, di-
electric constant of the particles, dielectric constant of the half-space, conductivity of
the half-space, size of the particles, and the fractional volume of the particles. (The
fractional volume of particles in the medium is the ratio of the sum of the volume
of all the particles to the bulk volume of the medium.) Three approaches are used
to analyze this volume scattering problem: (1) the Transition Matrix with Monte
Carlo simulation (T-matrix-Monte Carlo simulation), (2) the Radiative Transfer the-
ory (RT) based on the eigenanalysis numerical solution, and (3) the Zeroth Order

Analytical solution.
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The Transition matrix (T-matrix) is derived from Maxwell’s equations and is used
to calculate the scattered field. The Monte Carlo simulation technique is applied
to approximate the backscattering coefficient. In other words, the T-matrix-Monte
Carlo simulation is based on solving the wave equation and averaging over many
realizations of randomly generated particle positions. For accurate results, many
realizations are needed, thus it means longer computation time. The appropriate
number of realizations depends mainly on the configuration of the problem and the
required accuracy. This approach is usually less efficient in terms of computational
resources, but it has an advantage that it includes multiple scattering and coherent
wave interaction among the particles.

The RT approach is based on the energy transportation concept and is used to
calculate the intensity of the scattered power. The characteristics of the medium in
the RT approach is described by two constituents, the phase matrix and the extinction
matrix, which are calculated from the averaged particle configuration. Since the RT
is based on intensities, it does not include coherent wave interaction, which may
give appreciable contribution to the scattered power when the size of the problem is
comparable to wavelength of the incident wave. However, the geometrical model used
in the RT approach consists of infinitely extended particle layers, thus the use of the
RT approach is already limited to infinite medium. In fact, this limitation does not
restrain the use of RT approach to this study since the real physical problem itself
can be modeled using an infinite medium. A major advantage of the RT approach is
that it includes multiple interaction between particles. And since the constituents in
the RT equation are calculated based on the already averaged quantities, there is no
need to average over many realizations, which means shorter computation time and
is another advantage of the RT approach.

The First Order Analytical solution is another approach derived from the Maxwell’s
equations by assuming single scattering and independent particle positions. Like the
T-matrix-Monte Carlo technique, it accounts for coherent wave interaction. Unlike
the T-matrix-Monte Carlo technique which requires calculation for many realizations,

the averaging process in this approach is taken care of by assuming the particle’s po-
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sition to be a uniformly distributed random variable and by integrating over the
whole medium. The integration is carried out once and the solution is in a compact
form; the calculation in this approach is relatively simple comparing to the above two
methods By its simplicity, this First Order Analytical Approximation gives better un-
derstanding of the behavior of the backscatter when the configuration of the medium
is changed in various ways. However, the accuracy of this solution degraded when
the fractional volume of the particles increases, owing to the assumption of single
scattering and independent particle positions.

These three approaches were used to calculate the backscatters. Numerical cal-
culations show that results of the three approaches agree well. The result of the
First Order Analytical Approximation becomes inaccurate as compared the other
two approaches when the fractional volume of particles is large. This is due mainly
to the independent particle position assumption. Considering the accuracy and the
computational efficiency, the RT approach appears to be the best method for this
study. Note, again, the RT approach does not include coherent wave interaction and
it may produce insufficient accurate result for an application where the coherent wave
interaction is significant.

The observed total backscatter of a desert terrain consists of components due to
various surface and subsurface features. Parametric study, in which backscatter is
calculated as functions of frequencies, incident angles, fractional volumes, etc., shows
that the backscatter of rocks beneath the surface can be a significant component of the
total backscatter. This is expected, since, in the GPR applications, significant amount
of electromagnetic energy penetrates into the ground. Dependence on the chosen
parameters in the backscatter simulations, backscatter of rocks can be a principle
factor that contributes to the observed high backscatter in the 1993 GPR experiment.
To confirm this, however, the parameter used in the simulations must be verified and
it requires ground truth.

The three developed volume scattering models are by no mean completed. A
number of improvements to capture a more realistic geometrical configuration can

be made. The particle size distribution may be added to represent the various sizes
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of rocks. The surface and subsurface contributions may also be incovrporated in the
model. The First Order Analytical solution can be improved and used for higher
fractional volume problems. The improvements can come from a better approximation
of the pair distribution function, which describes the dependency of the particles’

positions in the medium.
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Appendix A

Transmission Coeflicient for a

Dipole Field

In this appendix, we shall derive the transmission coefficient for a dipole field. The
dipole is in the lower half-space (region 1). Transmission coefficient for this dipole

field at the upper half-space (region 0) is calculated.

A.1 Integral Representation of Free—space Dya-

dic Green’s Function

V x V x G(F,7) — kG, 7) = 16(F — 7 (A.1)
or
Gr,7)=[- ki%VV] g(7,7) (A.2)
where
T, T T—T)= et A.3)
g(’ )—g( )—47"‘?“?#[ ( .
(V2 + k) g(F,7) = —6(F —7) (A.4)

Let ¥ = 0. Fourier Transform gives:
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o(F) = (27103 [ @ * o (A.5)

5(F) = (—2—# [ @ * (A.6)

Substitute into (A.4)

1 — EF 1 —
2 2 3 ik T 37. ik T
B) == [ % A.
(v +k0)(2ﬁ)3// PE TR = g5 ] e (A7)
Since the integral sign operates on k and the V2 operates on 7, we can swap the

integral sign and the V2 operator.

R T _ pilkoathyy+a2) (A.8)
W2k — 2 ik T (A.9)
Thus |
1 - kT (T 1 T otk T
(27r)3 // d3k (—k’2 + kg)e k g(k) — _ (271-)3 // d3k e k (AlO)
(~k* + )g(F) = —1 | (A11)
- 1
9® = T (A12)
From (A.5)
— 1 3T ikT 1
_ Fr__ L A13
90 = Gy /d o w) A1)
Let k2 = k2 + k2 then
1 1 _ 1 _ 1 (A.14)

K2— k3 KAk RZ—K K24k K2 — (K — k2)
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. 1 ez’(kz z+kyy+k.z
90 = J e dk, dk, dk, (A.15)

(k§ — k2)
CR1 counterclockwise sense
C T
- ko - ko _ kp

clockwise sense CR2

Figure A-1: Contours of Integration

Integrate with respect to k,.

- Singular points are at k, = £/k§ — k2.
- Notice that k, > 0 is for z > 0 and k, < 0is for z < 0 and that /k§ — k2

is always larger than O.
- Deform the contour upwards and pick the contribution from the singular

point +,/k§ — k2. And deform the contour downwards and pick the contribution from
the singular point —/kf — k2  (Figure A-1).
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Then

.ei(kmw+kyy+z1 /kg—k2)

\/W) k —+ m) - —27Tiei(km+kyy_zm)

2,/k2—k2

/ z(kzw+kyy+kzz)dk 2 2\/k(2,—k§ IC’Rl (k2— k2)dk

+ Jor, Gom k2 w2y ks

(A.16)

for z > 0 and z < 0 respectively. The second terms on the right-hand side of (A.16)

are zero for both z > 0 and z < 0 cases.

In free space we have
K4k2+ki=k = KE+kE=k = \Jk-k=

Then the right-hand side of Equation (A.16) is reduced to

ei(k’ww+kyy+kz|zl)
2k,

271

Using (A.18 in (A.15),thus

g(F) = / &2, e FrTitkslel)

27r2

where

A~

To find G(F) we have to find VVg(7). We then first consider a%i@

P ei(hﬂ+k;1z|)

— ra 2_ —
8zg( ) 2k,
Note that
M _ 1 z>0 _z
dz -1 2<0 ||
, thus
a Z(k_l_ "‘.L+kz|2|) z
3zg T2 |
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:‘m)?//‘““ 5 [l‘é‘lﬂ””k”””m]

//ko k, e’(kl T1tkelz]) _ ———//d2k (2 k.L T1+kz|z})

But from Equation (A.4) we have

— + ikz|z| 2 2
|z| dz ¢ dz |z

% s
2kL’l”[zdez ke d zJ

(V2 + kg)g(T) = —4(7)

and N

a _ ei(k-l-'?-l-"'kz‘z[)

9z ( ) = ki sz
_ b e ke i@ ke
- &ﬂ/dki@e

0? i — k2 .+ -

— | %k, ZzilkiTitke|2])
2= - .
2
aagﬁg( /dz iR LT L+k2])

(A.22)

(A.23)

(A.24)

(A.25)

Upon balancing Equation (A.4), it is necessary that the second term on the right-hand

side of Equation (A.22) equals —0(7).
1 — T e
- o [ L BT =

From Equation (A.2)

GF) = P+Wvﬂgm

ik LT +k:|z])

=___= _1_ —L 27
Gvy_P+%vﬂ8ﬂ/dhL r
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But

82 4 82 o 8% Az =
39T 5agytY magzd? | | 9(7) 00
=\ __ 32 ~ A 62 ~ A 32 ~~~ .
VV9(T) = | oot 2200 505;0% 0 g O
82 s 82 o 9% 55 =

for z >0 _
(kL T +kez)

Ny
9(r) = 8%2/(1 ki k,

Thus the [7 + kl—gVV] g(7) can be written in the form

= 1 . AA(S(F) ) — 1 |= 75% ik -F "
l:[+ k_%VV:] g(?") = —2z2—— + —7‘1_—/612]{}_]_ k—z [l— —kg] e(kL Ltkzz)

,where k = k,& + k9 + k,2 and the term —22%? comes from 5@:5 term

for z < 0

: ik, T1—ky2)
1 — e
7)=— | &%k ———
9(r) 8%2/ + k.

= (5 T ) —_— = k k T =
[I + %VV] 9(r) = —zziz—) + —:T /kol L [I _k f ] gilksTo—k:2)
0

where k = k3 + kyy + k,z

Then
— or %—fdzﬁlil—@e’“
G(r) = —22—(9 + i8 : o 1kz r E‘g‘] " T
0 mfd k_l_ % [I k2 } €
But
kk k k PN
= —— =kk
kg ko ko
We define unit vectors:
ok,) = 722
[k x 2]
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h(k:) = & x 5
Then
T =eéé+hh+ kk
,OT
T - kk = ee + hh
for 2<0, k =ik, + 9k, — 2k,
k- x 3
ée(—k,) = = = é(k,
(k) = = el
1,
h(~k;) = —é(k,) x F
ko
Then
= __ . 0(F,7)
GF,7)=— 02

N oz [ &%y [e(k.)é(k,) + h(k.)h(k,)] e* ) for >0
g [ %1 & [e(—=k.)é(—k.) + h(—k)h(=k,)| €F ) for z<0

(A.37)

(A.38)

(A.39)

(A.40)

(A.41)

(A.42)

Notice that the é(—k,), h(—k,), % are for down-going wave and é(k,), h(k,), k are

for up-going wave. By starting with the dyadic Green’s function in a homogeneous

medium, the boundary can be added later, which gives rise to reflected wave terms

in the dyadic Green’s function.

A.2 Half-space Dyadic Green’s Function

Consider the case where a point source is located at far zone in region 1 such that

z> 2z . Then E':(F, 7') to be used will be the one for z > 2'.
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for z > 2/

(A.44)

Upon realizing that é(k,)e*™ is a up-going wave in TE mode and h(k,)e*T is a up-
going wave in TM mode for free-space dyadic Green’s function, then, for half-space
Green’s function, we add RTPé(—k,)e* 7, a reflected down-going wave, in TE mode

and RTEh(—k,)e* 7, a reflected down-going wave in TM mode into Equation (A.44).

~

[é(kz)é(kz) + h(kz)ﬁ(kz)] eiE'(F—F’)

Since 7 — o0, then §(7,7') = 0 unless 7 — oo. Thus

al z = 1 A iky T 5 ik17) 5 —iky T
Gll(Fa F/) - 8—7T2- [/dzkl E— {[R?OEel(—klz)e k1 + el(klz)e k1 ]61(]{31;,)6 k1

FRIM Ry (k)™ T + by (k. )e® -F]izl(klz)e-iw} (A.46)
Similarly,
e L - 1 N T N —iky T
G01(T‘,T) = 8—71’—2— ﬂdsz El—z— [T%Ee(kz)e k —+ el(k‘lz)e k
+T11(1)Mil(kz)elz7 + ill(klz)e—izlil] (A47)
where

k1 = ky2 + ky§ + k1,2
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Ey = kol + by — kno2

bre = /B — k2 — k2
kxz 1
ok,) = 2 = = (k, — Gk
(b) = e = ok, =
- 1, - k, ,. R ky .
h(lcz)zk—ﬂe,gclc:——kolc (zkm—yky)+k—:z
»

Note that k; = ki1, and ky = ki, from phase matching.
We can find RT™, RTE TTM TTE by matching boundary conditions at z = 0. At

z = 0 tangential components are continuous.
Z X —6-11(-7_', —T-'/) =2z X 501(7,71), z=0 (A48)

X[V X GuF™)]=2%[VxGuF7), 2=0 (A.49)

Note that the cross products operate on the first vectors of dyads, then from Equation

(A.48), we have:

2 x [RTEe; (k)€™ ™ + &, (ki )e™ 7] = 2 x TEE6(k,)e™*™ (A.50)
2 X [RTM by (—k1,)e® ™ + Ry (ki )e® ™) = 5 x TEMh(k,)e™*™ (A.51)

atz=0thenk, -FT=k-T=k -7, then

2 x [RIfe1 (ki) + é1(k1.)]) = 2 x TEEé(k,) (A.52)
% x [RIM by (=ki,) + ha(ke)] = 2 x TEMh(k,) (A.53)

But é;(k1.) = é1(—k1,) = é(k,), thus, from Equation (A.52)

RIF+1=TFF (A.54)
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And
z gz
z X Bl(—klz) - 0 0 1
kokiz  kykiz  kp
kikp  kikp k1
kyklz ~ kxklz ~ klz 1 N
= - — |—(—k ke
kiky - Eky {kp( v E y)]
k12
= Zl_el(—klz) (A.55)
1
Similarly,
~ 7 k 2PN
2 % hy(ky,) = kl &y (k) (A.56)
1
and
7 kz ~
2 x h(k,) = k—e(kz) (A.57)
0
Then from Equation (A.53)
k z 4
[1 — REM]=2 = K g (A.58)
ki ko
From Equation (A.49), we replace V with ik then
2 % [REPik; x é1(—k,) + ik x é1(kv)] = 2 x T"ik x é(k.) (A.59)
2 x [RTMIET x hu(=kis) + iy X ha (k)] = 2 x THMik x h(k.) (A.60)
But we know that
. 1. -
hl(klz) = -];‘61 X kl
1
(A.61)

—El X él = —’Clilfl(klz)

and
— A — 1. —
]{}1 X hl(k)lz) = k)l X k—lel X k)l = kl
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as ky -k, = k? and kq -6, =0, thus

Ty X hy(ky;) = k16 (A.62)

Using (A.61) in (A.59) , then
2 x [REP kb (—k1s) + kuho (k1)) = 2 x TEEkoh(k,) (A.63)
k[l — R{y’] = Tio"k. (A.64)

and using (A.62) in (A.60),then
2 x [RIM k161 (—k1,) + K161(K1.)] = 2 x TEMkoé (k) (A.65)

ki[l -+ RTM] = TZM g, (A.66)

Combining (A.54), (A.58), (A.64) and, (A.66), we can solve this set of equations

for the four unknowns. The solution is

THE = kff;lz (A.68)
RTM = % (A.69)
RTF = Zl - z (A.70)

— i _ 1 . ETF R ik1 1A —iky- 7
Gu(r,m) = / &’k i {[RfoEm(-ku)e 17+ & (ki)™ Ter (krs)e ™

+[R%Mill (—'klz)eizl_.F -+ ibl (klz)eizl 'F]ill (klz)e_iﬁl ul } (A?l)
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FTEMR(E,)e™ Tha (k1 )e ™7 | | (A.72)

or

= 7 - 1 2k R T T A —ike T
Gon(r7) = 7 | - [k (k) e (b )e

+\/§I (ﬂ-—) k) e™ Ty (ky)e ™™ T (A.73)
0

61]62 + EOklz

A.3 Stationary Phase Approximation Method for
Double Integrals

Consider

I:/[gf(x,y)eikg(x’y) dz dy (A.74)

.where s contains the sources. The stationary Phase point is at o, yo Where

Vg(zo,40) =0 (A.75)
or
0 0
('9%(950,3/0) = a—gg/(xo;yo) =0 (A.76)

Let s =2 —xpand s =y — Yo

We define the notation to represent the partial differential operation as follows:

J = &g g - 9%g
wE o Qxdyoz SL82 981089

Taylor series expansion of g(s1, s2) around stationary point s; = 0, 53 = 0 becomes

1
g(s1,82) = {g(o, 0) + g[s%g;'lsl (0,0) + s394 ,,(0,0) + 2515295, 5, (0, 0)]
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1
+§—![s§‘g;';slsl (0,0) + s3g5r,..,(0,0) + 3s3s2g. .., (0,0) + 35152905, (0,0)] + }

(A.77)
For the first order approximation, we keep only the first two terms.
We use matrix notation to represent
2.1 2 1 n T =
8194 5, T+ 5595,s, + 25152045, = 5 G5 (A.78)

where

=[s1 2]

Fos T } _S_T
Gors2 Jonss

We introduce a coordinate rotation such that s;, s change to u;, u; and make
Gu,u, = 0. This allows us to treat each integration independently.

The relation between s and u can be written as

5=Ju (A.79)
where
jzl cos ¢ sin@] ﬂ:{UI] (A.80)
—sin 6 cos 8 U2
then we have
g - Juu, O } (A.81)
0 Gy
and
TG.5=1C,1 (A.82)

T G,5=1 G, T (A.83)
Note that det J = 1 then we have

det G, = det G, (A.84)
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o _ 9

Since P57 = B

9o _ 9
Be; = By then

Qll

u

g.:x g;’y - g.:ygzlcly = det

In order to make g ,, =0, @in J must be (from Equation (A.83))

1 2 "
0 = = tan™* [————" Jay - ]
2 Gyy — 9zz

z=z(
Yy=Y0

Then we have

I= //S (@)™ @ dg

And we have the first order approximation of I as:

I~ £(0,0)e™*9®0p, (0,0)P,,(0,0)

where

0o zku

P’Ltn(-ﬂ) =/ [ 2 gunu"(u)]dun
—00

_é_
Pal®) = | g, (@) el
I~ 2rf 1 cilka+5{sien(gl;u, +sign(glyu,) }]
k 1
ldet Gu' u1=0
ug=0

A.4 Far-Field Half-space Green’s Function

We can rewrite (A.72) into:
Cou(7,7) = —— // dkodky, — k [TEPe(k.)é: (kis)e F ™

+T£Mﬁ(kz) hy (/4:1::)6"&1 'F] eth T
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(A.90)

(A.91)

(A.92)



, where the exponent term is

ei%i _

Feathut (\/kg—kg—kg)z (A.93)

By assuming the observation point is in the far field zone, kr — oo, the significant
contribution of this integral comes from the stationary phase point. Then, we can use

the two dimensional stationary phase approximation method given in the previous
section to find the far-field 501.
Comparing (A.74) with (A.92), we have

g(ka ky) = kox + kyy + (/52 — k2 — k2) 2 (A.94)

Finding the stationary phase point,k,o, kyo, we set

ok - F ok -F

= =0 A.95
0k, kz=kyq 8ky kz=kyg ( )
ky=kyo ky=kyo
Solving for ko and ko, we have
kzo = kosinfcos ¢, kyo = kosinfsin ¢ (A.96)
, where we make use of the relations
x=rsinfcosp, y=rsinfsing, z=rcosb (A.97)

Next, we find the angle in Jacobian matrix, denoted by 8’ to avoid confusing with the

angle 6 in spherical coordinate. Using (A.86), we find

0 =¢ (A.98)
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Thus the Jacobian matrix is

5 _ [ cos ¢ sin ¢ } (A4.99)

—sin ¢ cos ¢

Let s; = ky — ko and sy = ky — kyo, then

g(s1,82) = z(s1 + kosin 0 cos ¢) + y(sz + ko sin  sin ¢)+

zﬁ% — (81 + ko sin 6 cos ¢)2 — (s2 + ko sin O sin ¢)? (A.100)

Using the relation (A.79)

$1 = €os ¢ uy + sin ¢ uy
S9 = —8in ¢ uq + cos ¢ U (A.101)

Substitute (A.101) in (A.100)

g(u1, uz) = x(uy cos ¢+ us sin ¢ + ko sin 6 cos ¢) +y(—uy sin p+us cos ¢ + ko sin 0 sin @)

+zﬁ§ — (uy €08 ¢ + Uy sin ¢ + ko sin 6 cos )2 — (—uy sin ¢ + ug cos ¢ + ko sin 0 sin ¢)?

(A.102)
One can find that
9%g(0,0)  9%g(0,0) A 5
= -~ = —— — —tan“f 2 A.103
o2 o2 P an® 6 cos(2¢) < 0 ( )
Then the {sign(gﬂw) + sign(g;’huz)} gives —2.
Using (A.85), one can find
2
= T
et = 5 (A.104)
Then we write (A.92) in the form of (A.74) as
1 i[kr—%]
I =21 f——==e'l"""72 (A.105)

|detG,|
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where

i ]- N -~ —i— 7 2 ~ —ik 7
=g |TiPe(k.)én (kue)e™ 7 + TEMA(K,) by (kis)e 7] (A.106)

Then the far—field half-space Green’s function is

— eikr k ) . R R P
Gu(F,7)=1= ZWE:— [T{—’{,Ee(kz)el(ku) + T&Mh(kz)hl(klz)] e T (A.107)

or

ikr
I N € 2kz n " E_l_ 260kz ~ a _1:',;1_;/
Go(F,7) = e [—‘kz+klze(kz)61(k1z) + \/eo (———-elkz . h(k,)h1(k1,)| €
(A.108)

Thus we can see from the far—field half-space Green’s function that, in the cases

of a dipole source with the observation point in the far field zone, the transmission
coefficients T{M, T7F are multipled by k,/k;,, which is equivalent to TEM, TTE for

plan wave.
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Appendix B

Typical Properties of Sand and
Rocks

B.1 Electrical Properties of Sand: A sample from

Al Labbah Plateau

Site Sample Moisture | Dielectric | Loss
Depth (cm) | (wt. %) | Constant | Tangent

28-1A | 0-5 0.054 2.466 0.0054
28-1B | 27-32 0.148 2.490 0.0054
28-1C | 50-55 0.361 2.490 0.0067
28-2A | 0-5 0.077 2.386 0.0038
28-2B | 20-25 0.148 2.475 0.0065
28-2C | 38-43 0.183 2.515 0.0075
6-A 0-5 0.057 2.585 0.0057
6-B 20-25 0.248 2.515 0.0084
6-C 45-50 0.578 2.605 0.0086
X 0.206 2.503 0.0066

Table B.1: Moisture and electrical properties of Al Labbah Plateau Sand samples

Reference:[3], p 325 - 336.
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(a) Electrical-property measurements were made at a frequency of 1.3 GHz by the
resonant-cavity technique. Uncertainty in absolute values of measured dielectric and
loss tangent properties is less than 2 percent.

(b) 1 standard deviation uncertainty of the dielectric constant = 0.018 (average).
(c) 1 standard deviation uncertainty of the loss tangent = 0.00016 (average).

(d) Sampling sites 28-1 and 28-2 were 106-meter apart.

B.2 Electrical Property of Rocks

Sedimentary Silicates (22) | [ ENERN

Igneous Plutonic Silicates (16)

All Igneous Silicates (42)

Carbonates (10)
Sulfates (1) B

1 | L 1 1 | 1

2 4 6 8 10
Relative Permittivity

I
Igneous Volcanic Silicates (26) I
I
B

Figure B-1: Electrical properties of rocks

Reference:[32], p 595 - 602.

- The real part of the relative dielectric constant ¢ was measured in 0.1-GHz step

from 0.5 to 18 GHz.
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