IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 41, NO. 4, APRIL 1993 465

Monte Carlo Simulation of Scattering
from a Layer of Vertical Cylinders
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Abstract— The problem of electromagnetic scattering by a
collection of randomly distributed vertical cylinders over a half-
space dielectric is considered in this paper. The solution to this
problem is sought in two ways. In the first approach, a Monte
Carlo simulation is used which takes into account scattering terms
up to second order. Closed-form expressions for the second-order
scattering terms are derived for cylinders that are in the near
field of each other. The second approach is based on the radiative
transfer (RT) equations which are solved by an iterative method
up to and including the second-order terms. Radar backscatter
measurements were conducted at X band for a collection of
metallic cylinders over a conducting ground plane and these
results were compared with the Monte Carlo and radiative
transfer solutions. The data were acquired polarimetrically from
144 independent spots of the cylinder layer at incidence angles
ranging from 20° to 60°.

The Monte Carlo simulation agrees well with the measured
data and is used to check the validity of the results based on the
RT theory for a medium with large particles. It is shown that both
the phase function computed for the cylinders and the extinction
matrix of the layer are overestimated in the RT solution because
the correlation distance for the field inside the medium is smaller
than the overall length of the cylinders.

I. INTRODUCTION

HE earth’s vegetation cover plays an important role in

the global carbon cycle, which in turn influences global
climatic changes. Advances in the technology of synthetic
aperture radars have suggested the possibility of utilizing
radar backscatter data to retrieve the biophysical parameters
of vegetation canopies. In recent years considerable effort
has been devoted to the development of theoretical scattering
models for forest canopies. A forest canopy is considered to be
an inhomogeneous medium composed of scattering elements
with different sizes, shapes, and geometries [23], [24], [5],
[4]. Except for the analytical wave approach [18], [3], [8],
which accounts for the particles in the medium through a
fluctuating permittivity function, all existing methods account
for the particles through the single scattering properties of
the individual scatterers [9], [17], [7], [19]. The analytical
wave approach is appropriate for media where the ratio of the
fluctuating dielectric to the mean dielectric is small. Therefore,
at microwave and millimeter-wave frequencies, where the
dielectric constants of leaves and branches are much larger
than that of air, the analytical wave approach may not be
appropriate. The solution of the scattering problem for a
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canopy consisting of discrete scatterers can be tackled in two
ways: (1) the field approach [9] and (2) the intensity approach
[24]. Because of the complexity of the methodology the
solution based on the field approach is limited to sparse particle
distributions. The intensity approach or the radiative transfer
method (RT) is very general, widely used, mathematically
convenient, and therefore useful for inversion algorithms.

In applying RT to a forest medium, some basic conditions
necessary to the validity of the method have been overlooked.
This model is based on the single scattering properties of the
particles in the medium; i.e., it is assumed that particles are
in the far field of each other and are illuminated, locally, by
plane waves. A tree canopy usually contains particles, such
as trunks and branches, which are much larger in dimension
than a wavelength; therefore, the far-field condition is not
satisfied. Moreover, since these large particles are embedded
in a random medium, the magnitude and phase of the field
distribution illuminating the particles are nonuniform; thus,
the plane wave illumination condition is violated.

It is the purpose of this paper to demonstrate the short-
comings of the radiative transfer technique for a medium
containing particles large compared with the wavelength of
radiation in the medium. The trunk layer of a forest canopy
consisting of vertical dielectric cylinders over a dielectric
surface is considered. A Monte Carlo simulation of the scatter-
ing problem, which includes multiple scattering up to second
order, is developed to provide a realistic solution for com-
parison. The second-order scattering term in this solution
allows the long cylinders to be in the near field of each
other. The validity of the Monte Carlo simulation is verfied
with experimental backscatter data collected from a random
distribution of metallic cylinders over a perfectly conducting
ground plane.

1I. SCATTERING FROM TWO ADJACENT
CYLINDERS AT OBLIQUE INCIDENCE

Exact analytical solutions to the electromagnetic scattering
problem exist for only a very limited number of geometries, in-
cluding infinite cylinders. It has been shown that for cylinders
that are very long relative to the wavelength, an approximate
solution can be obtained based on the solution for the infinite
length case provided d/L < 1, where d and L are the cylinder
diameter and the length, respectively [25], [6]. Although more
accurate solutions for the finite-length cylinder can be obtained
using numerical techniques, the solutions obtained in this way
are not desirable since they become very inefficient when
the dimensions of the cylinder are large compared with the
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wavelength. Similarly, for two finite-length cylinders adjacent
to one another, an exact solution does not exist and numerical
solutions are even more inefficient. In this paper we resort to
an approximate iterative scattering solution. We assume that
the cylinders are much longer than the excitation wavelength
and that they are mutually in the near field with respect to their
longitudinal dimensions but are in the far field with respect to
their diameters.

The approach taken is to find the scattered field from the
first cylinder as an isolated body given a primary plane-
wave excitation. The response of a second cylinder to the
cylindrical-wave excitation from the first cylinder is then
found. The effect of the second cylinder on the first is
obtained by reciprocity. In this way an approximate analyt-
ical solution may be obtained which accounts for multiple
scattering to second order. In principle, this procedure can be
continued to any desired order of approximation; however,
a price is paid in terms of the complexity of the final
solution.

By invoking the field equivalence principle, the cylinders
can be replaced by equivalent electric and magnetic surface
current densities given by

J(p,z) =0 xH )
and
Jm(¢7 z) =-nxE 2)

where E and H are the total electric and magnetic fields on
the cylinder surface and 7 is the outward surface normal. If the
surface currents are known, the scattered electric field may be
obtained from

E’(r) = V x V x IL.(r) + ikg ZoV x I, (r), (3)

where II. and II,, are the electric and magnetic Hertz vector
potentials respectively. The electric Hertz vector potential is

given by
iZy
II. = —
€ 47Tk70 /SJ

In this paper the e~™* time convention has been assumed
and will be suppressed throughout. The magnetic Hertz vector
potential has a similar form with Z, replaced by Z; !and J.
replaced by J,,.

The surface currents on a long cylinder are approximated
by the surface currents on a corresponding infinite cylinder
of the same diameter. These surface currents have also
been separated into a traveling wave component along
the cylinder’s axial direction and a circumferential com-
ponent [14]. The expressions for these currents are given
by

ikoir—r’
| eikolr—r']

ell st" (4)

J,:L((bv z) = J;((ﬁ)e—iko cosﬁzl

The circumferential components of surface current density
are

J.(¢) = Yo(sin & — cos ¢5)-
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Fig. 1. Geometry of a long cylinder with equivalent electric and magnetic

currents on the surface.
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where (3 is the angle of incidence (see Fig. 1) and zp =
koasin B, with a being the cylinder radius.

In this case, the expression for the electric Hertz vector
potential simplifies to

iZo 27 , /L eika(|r—r/|—cosﬂz') .y
I, = J e Ldddd.
47rko/o ) |, o

| r
)
If the observation point (z,y) satisfies the condition
kosin 8y/z2 + y2 > 1, the 2/ integration can be evaluated
using the stationary phase approximation. The condition for
the stationary phase is

i(| r—r' | —cosf2) =0,

dz’
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which, in this case, implies
;o cosBy/(@—a)+(y—y)?
Zsp =2+ sin 3

and the stationary point is on the surface of a cone of half-
angle 3 which contains the observation point. Performing the
integration with respect to z’ yields

L ik O ’
/ e o(|r—r'|— cos 5z )dz' — \/Tei(ko sin Bp—=/4)
0 ko sin Bp

|r—r|

% e—ikg cos Bz e—ikaa sin 8 cos(¢’ — ).

¥

Applying the far-field condition in the z — y plane, the curl
operator reduces to Vx = ikok, X, where

ky = sin B(cos & + sin ¢ij) — cos B2
and the expression for the scattered field simplifies to
E° = k2(ks X ko X T, — Zok, x TLy,). 9
Substituting (5) and (8) into (7) the remaining integration with

respect to ¢’ is accomplished with the aid of the following
integral relations [22]:

2 - -
/ e—ikoplB cos(¢'—¢)eim¢’ — 27r(_i)me(y0)eim¢
0

/OZW{ ~
cos ¢

= 27r(~i)m[i{sin$}~7'm(yo) +1{

Cos ¢I }e—ikoPlB cos(¢'—d;)eim¢’
sin ¢/
sin¢~>

m gimé
_ COS(]B}yO Jm(yo)]

with B = {[(k, — k;) - 2]* + [(ks — k:) - §]2}*/2 and yo =
koaB. The definitions of ¢ and p are given in Fig. 2. After
lengthy algebraic manipulations the scattered field from the
first cylinder is found to be

E; = F(¢)H{" (ko sin Bp)e~ ko= 03, (10)
in which
_ 1 =
F(¢) = —— -nm
@)= 575 m;w< )

X [Am (ks X ks % 2) + Bm(ks x £)]e™$. (11)

The coefficients A,, and B,, are given in terms of components
that are TE, and TM,:

Am =CIME! . 5 44C, H - 2
B, =CIEH' . 3 —iC,E' -3 (12)

and the expressions for C1E, CIM and C,, are given in [13].
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Primary Scatiering
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Fig. 2. Geometry of dual-cylinder configuration and second-order interac-
tion.

Y

Fig. 3. Integration contour in complexy plane.

A. Second-Order Interaction

Referring to (10), the Hankel function of the scattered
cylindrical wave may now be expressed as a continuous
spectrum of plane waves:

Hél)(ko sin ﬂﬁ) — l / eiko sinﬂ(cosw+s;m|y|)d% (13)
T Jr
where the contour of integration I' is shown in Fig. 3.

Each scattered wave from the second cylinder as a result
of the plane wave spectrum excitation from the first cylinder
can be summed by superposition to obtain the total scattered
field from the second cylinder. With regard to the stationary
phase approximation, only a subset of stationary points on the
surface of the first cylinder acts as a source of illumination
for the second cylinder. Stationary points not located on the
cylinder surface give no contribution to the secondary scattered
wave. We have assumed that since the length L of the first
cylinder is much greater than the excitation wavelength, most
of the primary scattered fields are contained in the forward
scattering cone. We now also assume that (L — j cos §) > Ao,
so the scattered field from each incident plane wave in the
expansion is confined to the forward scattering cone. The total
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scattered field from the second cylinder is then given by
1
S _—— 8 d
2= /F e3(7)dv,

in which the direction of each incident plane wave is

(14)

k; = sin B(cosvZ + siny§) — cos B2

and the contour I" has been described previously.

Again each individual secondary scattered field can be
described in terms of TE, and TM, components. Then, in
the far zone, these fields may be written as

L eRoR (L — jcot§), sinV
e;(')’) =e1.k0k1-rg € l( pco B)] Sll‘lf

R nsin? B
+oo . . .
S (1) Al ke x ko x 2) + Bl (ky % 2),
m=—00
(15)
with
T T . L—pcotP, .
Y = pcos ¢ + psinf + ( cho ﬁ)
R =r - I:Is - Fz
eo(L — 5
V= _&2_”@@ (cos B, — cos B)
ks = sin B,(cos ¢o& + sin ¢s§) — cos sz (16)
and
+00 o
Al = Z (=1)"[AnCEM +iB,Cp)e™®
n=-—o00
+o0 _ .
B, = Y (-1)"[BaCrF —i4nCprle™,  (17)

where A,, and B,, are as given in (12) and cos 3, = I%s - 2.

Sub~stituting (15) into (14) and using the change of variable
4" = ¢+, an analytical expression for the secondary scattered
wave in the far zone is found to be

ikor . - .
e e—ikosinﬂﬁcos(dis—d-)) [—2(L - pCOtﬂ)] sinV etV

r nsin? 3 |

+o0
S (~1)™ A (ko x Ey x 2) + By (ks x 2)]

HD (ko sin Bp)ei™®=9), (18)

B. Effect of Ground Plane

The next step toward obtaining the scattered field from a
layer of cylinders above a dielectric half-space is to consider
the problem of two adjacent cylinders above a dielectric half-
space. The level of difficulty involved in obtaining a solution
for this problem is greater than for the previous problem
owing to the complexity of the Green function in this case.
The Green function for this type of problem has an integral
form, and obtaining an analytical expression for this solution
is impossible. A numerical solution with a great deal of
complexity can be obtained by applying exact image theory
[10], [15]. Here again we are approximating the form of the

TG

GT

Fig. 4. First-order interactions of a cylinder with the ground plane.

Green function by assuming that the image of the source
point is a source point located on the opposite side of the
half-space interface (mirror-image point) and modified by the
appropriate reflection coefficient. This approximation is very
accurate when the source or observation point is not close
to the interface and becomes exact when the ground plane
is perfectly conducting. To apply this simple approximation
we decompose the incident and scattered fields into TE and
TM components. The effect of the ground plane will then be
accounted for by modifying these field components by their
appropriate reflection coefficients.

The first-order interactions are shown in Fig. 4. In the
trunk—ground (TG) interaction, the primary scattered field is
modified by interaction with the ground plane. The reflected
field for this interaction is obtained by multiplying the TE
and TM components of (10) by the appropriate reflection
coefficient to produce

eikgr —3L

e—iko%(cos Bs—cos B) [ sinU

xsin®g U

s _
E}, =

“4o0
ST (-1 [AmBy (ks x ks x £) + BmR | (ks X £)]e™?s,

19)

where A,, and B,, are defined in (12), 3, and ¢,
represent the direction of the scattered wave, and U =
koL(cos B, —cos 3) /2. The other type of first-order interaction
is ground-trunk (GT) and consists of modification of the
primary scattered wave from a cylinder by the ground plane
reflection coefficients. It is found in the same manner as above
and is given by

etkor . o —iL . sinU
E®, = —iko % (cos B,—cos 3)
gt e [rsin2 5] U
“+oo R R R )
S~ [An ks x ks x 2) + Br (ks ¥ £)]eimoe,
m=-—00
(20
where
AT, =CTM R E' -5 +iCm RLH' -2
Br,=CIFR H :-iCn R E % @

The second-order interactions are trunk—trunk—ground
(TTG), trunk—ground-trunk (TGT), and ground—trunk—trunk
(GTT). The mechanisms are illustrated in Fig. 5. The
TTG interaction may be obtained simply by taking the
two cylinder scattering equation (18) and modifying the
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Fig. 5. Second-order interactions of two cylinders with the ground plane.

appropriate components by their respective ground plane
reflection coefficients to obtain

etkor e—iko sin 35 cos($s—9) [ —idL - pCOt ﬂ)] San eV

Big = T xsin’ 8
+oo R R
S ()™ A, Ry (ks x ko x 2) + By, Ry (ks x 2)]

m=-—0oC
HY (ko sin Bp)e™(%:=9),

where A/, and B,, are given in (17) and V in (16).

The TGT scattered wave is obtained by exciting a single
cylinder with the expanded field of the TG interaction over
its lower p cot 3 portion in a manner completely analagous to
what has already been done. The result is

(22)

ES zeik_ore—iko sin G5 cos(¢s— ) —iﬁCOtﬁ] sin V' iy
ot wsnZg ) VI ©
400 . N .
3 ()AL, (ks x ks x 2) + By (ks x 2)]
m=-—o0
HEY (ko sin Bp)ei™ %+ =) @3)
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kop cot
VI = _Op_go—ﬁ (COS /BS — cos ﬁ) (24)
and
+oo o
AL = N (-1)"[An B) CTM +iB, Ry Cple™
el o
Bl = > (-1)"[Bn RL CiF —iAy R Cule™. (25)

Finally, the GTT field is obtained using the same approach:
Egut

_ R ik, sin 85 cos(bs~9) [ (L — PCOt 5)] SmV o—iW

- wsin’ 8
+00 . '
3 Gy [Ap k x by x 2)+ By (ks x 2)]
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with
W = ko(L + pcot ) (cos B, — cos fB) @7

2
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BROADSIDE CONFIGURATION ENDFIRE CONFIGURATION

Fig. 6. Broadside and end-fire cylinder configurations. Wave incident in
X — Z plane with incidence angle 3.

and
+0o0 B .
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oo .
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n=-—oo
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Bl = 28)

where A7 and B, are as given in (21) and V as in (16).
The total far-zone scattered field to second order is then the
sum of the terms given above:

E* =B, + B+ B, +Efp + Eje  29)

The corresponding scattering matrix elements for each term
are given in the appendix.

Measurements were performed at X band (9 5 GHz) using a
polarimetric scatterometer to validate the expressions derived
for two adjacent cylinders above a ground plane. A pair of
metallic rods 18 cm in length and 0.56 cm in diameter were
arranged above a large metallic ground plane with various
separations and orientations relative to the illuminating beam.
The cylinder positions relative to the incident wave direction
and the incidence angle for the cases of broadside and end-
fire illumination are shown in Fig. 6. Fig. 7 compares the
first- and second-order theoretical predictions of the radar cross
section for the two cylinders with the measured values in the
case of 2 cm separation and broadside configuration. Figs. 8
and 9 compare the measured and predicted values of RCS
for a separation of 4 cm in the end-fire configuration. The
experimental data agree well with the second-order results.
The first-order approximation does not provide an adequate
estimation of RCS for cylinder separations within this general
range. It is seen that the first- and second-order results do not
differ significantly for o), because the cylinders are relatively
thin and therefore the horizontally polarized incident wave is
only weakly scattered. Discrepancies between the measured
and computed values of RCS are observed at the lower angles
of incidence because of scattering by the cylinder end caps,
which is ignored in the theoretical formulation.

III. MONTE CARLO SIMULATION

Having validated the expressions derived for adjacent pairs
of cylinders, we now attempt to obtain the scattering properties
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Fig. 8. RCS of two rods end-fire on metal plate (VV-pol.) at 9.5 GHz: 4
cm separation.

of random collections of such cylinders above a ground plane.
For a given arrangement consisting of many cylinders, the
solution of the scattering problem can be obtained to second
order by computing the single and pairwise interactions for
every cylinder in the ensemble. The statistical properties of a
random medium made up of such scatterers are simulated by
application of the Monte Carlo method.

The principle of the Monte Carlo simulation based on the

second-order algorithm is as follows:

1. An ensemble of randomly positioned cylinders is gen-
erated using a random number generator. In this case
the cylinder positions are uniformly distributed within a
circular area. The number of cylinders used is dependent
on the specified number per unit area and the area of the
circular region.

2. The scattering is computed for all cylinders and between
all pairs of cylinders within the ensemble up to second
order.

3. The ensemble is rerandomized and the scattering recom-
puted as discussed above. The number of independent
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Fig. 9. RCS of two rods end-fire on metal plate (HH-pol.) at 9.5 GHz: 4
cm separation.

samples is chosen so as to make the variance as small as
possible within limits depending on the computing time.
For the cases analyzed in this article the sample number
is greater than 100.

4. The values of the scattering coefficients (02,,0%,) are
found from the ensemble average. The same is true for
the copolarized phase difference ¢, and the degree of
copolarized phase correlation o [16].

Measurements of radar backscatter were also made on
random collections of cylinders distributed within a circular
area as described for the Monte Carlo simulation as an
experimental verification of the simulation. Identical metal
cylinders 18 cm in length and 0.56 cm in diameter were
uniformly distributed within a 60 cm diameter circular area
with densities of 70, 100, 140, and 180 per square meter.
Radar measurements were made with an X-band scatterometer
at incidence (elevation) angles relative to the vertical axis
ranging from 20° to 60° in 5° increments. Samples were
generated by arranging the cylinders on four separate thin
plastic disks with independently generated holes for supporting
the cylinders. The edge diffraction contribution of the ground
plane to the overall RCS of the cylinder/ground plane system
was removed by measuring the ground plane without the
cylinders present and coherently subtracting this measurement
from that of the combined system. Each disk was rotated in
10° increments to create distinct aspects for the radar. In this
way 144 independent samples were generated at each density
level. The final measurements were tested for correlation to
ensure that the sampling was independent. The experimental
setup is illustrated in Fig. 10.

The correspondence of the simulation to the measurements
of 0° as a function of incidence angle for the case of
70 cylinders per square meter is shown in Fig. 11. The
first- and second-order Monte Carlo simulations agree very
well with the experimental data. Apparently, for the type
of random medium considered in this study, the effect of
multiple scattering between cylinders is averaged out as far
as the magnitude of the radar backscatter is concerned. This
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Fig. 10. Measurement of metallic cylinder field.
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Fig. 11. Backscattering coefficient of a layer of uniformly distributed metal
cylinders above perfectly conducting ground plane (density = 70 cyls/m?).

is why the first-order results agree well with the copolarized
radar cross section measurements. Figs. 12 and 13 illustrate
the agreement between measurement and simulation for the
copolarized phase statistics. It should be noted that for both
a and ¢, inclusion of the second-order terms provides the
correct phase statistics while the first-order scattering theory
is significantly in error. Since « is a sensitive function of
the degree of multiple scattering within a medium, first-order
theory incorrectly predicts a value of unity independent of the
number density of particles.

IV. COMPARISON WITH RADIATIVE TRANSFER

In the last decade or so the radiative transfer approach
has been widely used in modeling electromagnetic scattering
from vegetation media [4], [24], [11], [12], [21], [5]. It
is based on coupled differential equations describing the
transport of energy within a medium and is therefore an
incoherent (or intensity based) technique. The vector radiative
transfer equations take into account the individual scattering
properties of the vegetation canopy components through a
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Fig. 13. Copolarized phase difference for a layer of uniformly distributed
metallic cylinders above a perfectly conducting ground plane (density =70
cyls/m?).

phase matrix which relates the incident to scattered intensities
as a function of the wave directions, scatterer geometry, and
scatterer composition. The formulation has the advantage of
being general, mathematically convenient, and amenable to
inversion.

In a medium in which the individual particle scattering
albedos are small and the particles are in the far zone with
respect to each another, one would expect that there would be
little difference between the Monte Carlo simulation results
and those of radiative transfer. Because the scattered fields are
added coherently in the Monte Carlo simulation, the computed
values of o° by this method should be 3 dB above those
computed by the incoherent addition of power as in radiative
transfer theory for reciprocal scattering mechanisms such as
GT and TG. The medium described above in the experimen-
tal section of this article consists of metallic cylinders that
are long compared with the wavelength of radiation in the



472 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 41, NO. 4, APRIL 1993

15.0 T T T
50 P I
) o ST
o 7 .7
- -
L e y
°b //,/ [} Measured
2 Monte-Carlo (2nd Order)
_15.0 | Monte-Carlo (15t Order) =
------ Rad. Trans, (2nd Order)
==+ ==- Rad. Trans. (1st Order)
25.0 ! L L
200 30.0 40.0 50.0 60.0
Incidence Angle (deg)

Fig. 14. Comparison of RT model with Monte Carlo simulation and mea-
sured data for the cylinder layer with a density of 140 cyls/m?.

medium; however the diameters of the cylinders are fairly
small compared with the excitation wavelength. In this case
the far-field condition is satisfied for the wave polarized in the
dimension transverse to the cylinder length (HH polarization)
and propagation for this polarization is dominated by single
scattering. This effect can be seen in Fig. 14, which represents
HH polarized backscatter from a fairly dense medium with
140 rods per square meter.

A vertically polarized wave traveling in this cylinder
medium encounters particles that are both strong scatterers and
in the near field with respect to each other. Because of these
conditions the correlation distance for the vertically polarized
field in the medium is significantly smaller than the length of
a cylinder, yet it is larger than the distance between particles.
Therefore the local plane-wave approximation is no longer
valid in this regime and, in addition, there is a significant
degree of coupling between particles. This would be expected
to affect the radiative transfer results in two ways. The phase
matrix is utilized by radiative transfer to generate the source
functions which drive the coupled set of differential equations
for the upward and downward traveling radiation intensities.
This phase matrix is linearly dependent on the height squared
of the cylinders. If the mechanism of cylinder excitation is
not by a plane wave then field decorrelation in the medium
can make the effective height of the cylinders to be smaller
than their actual length. This means that radiative transfer
theory would overestimate the phase matrix of the cylinder
medium. On the other hand, the computation of the extinction
matrix, which accounts for attenuation of the wave intensity
as it propagates in the medium, is linearly dependent on the
height of the individual cylinders. If the effective scattering
matrix for cylinders in the medium is actually smaller than
would be expected on the basis of the local plane-wave
approximation, the extinction matrix for the medium would
also be smaller than that normally used in radiative transfer.
Because extinction is an exponential process it has a large
effect on the computation of the VV polarized radar cross
section.
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Fig. 15. Comparison of RT model with Monte Carlo simulation and mea-

sured data for the cylinder layer with a density of 140 cyls/m?.

Fig. 15 shows that while first- and second-order Monte
Carlo simulations agree fairly well with measured data in
the computation of o9, first-order radiative transfer gives
an estimate that is significantly low. This is also shown by
the fact that the first-order radiative transfer solution becomes
worse as the angle of incidence increases, which is consistent
with overestimation of the extinction and which more than
compensates for overestimation of the phase matrix. Even
though second-order radiative transfer provides a solution that
is more in harmony with the measured results, it would be
expected that if the second-order theory were entirely correct
this solution should maintain a level consistently about 3
dB lower than the measurements and Monte Carlo results.
In addition, in the light of the trend illustrated, it seems
unlikely that the radiative transfer solution will converge to
the correct level as successively higher order terms are added
since all further contributions to the net scattered intensity are
guaranteed to be positive and the second-order result is already
too high. It is also to be noted that in all cases evaluated by
these authors the first-order Monte Carlo simulation provides
an excellent estimate of radar cross section. If the radiative
transfer approach is valid under these conditions one would
wonder why the first order R.T. theory does not give results
consistent with this finding.

The degree of correlation o for the phase distribution
PDF is sensitive to multiple scattering effects because it is
the multiple scattering that produces phase decorrelation in
random media. Fig. 16 shows that the second-order Monte
Carlo simulation gives good agreement with experimental
measurements, indicating that multiple scattering to second
order is significant in the medium. The second-order radiative
transfer theory gives an erroneously high degree of copolarized
phase decorrelation. This demonstrates the overestimation of
the phase matrix previously mentioned. In Fig. 17 both the
Monte Carlo simulation and the radiative transfer are in
agreement with the measured data. It is evident that the
copolarized phase difference is not significantly affected by
parameters that reflect the differences between these two
methods of modeling the canopy.
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Fig. 16. Comparison of RT model with Monte Carlo simulation and mea-
sured data for the cylinder layer with a density of 70 cyls/m?.
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Fig. 17. Comparison of RT model with Monte Carlo simulation and mea-
sured data for the cylinder layer with a density of 70 cyls/m?.

V. CONCLUSIONS

In this work, a Monte Carlo scattering model for the
trunk layer of a forest canopy has been developed which
takes into account scattering effects up to second order.
Experimental data have been presented for the purpose of
validating the two-cylinder scattering solution, and results of
a Monte Carlo simulation based on this solution have also
been presented and compared with measured results. First-
and second-order radiative transfer model solutions for the
same medium have been given and compared with those for
the Monte Carlo simulation. It is verified that the radiative
transfer model provides incorrect results under conditions such
that its basic assumptions are violated. This occurs in media
for which the size of the particles is large compared with the
wavelength in the medium, which causes the illumination to
be nonuniform and/or the medium is dense and therefore the
near-field interaction becomes significant. In such cases the
phase and extinction matrices used in the radiative transfer
model are overestimated and the results will be incorrect.
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APPENDIX
CYLINDER MEDIUM SECOND-ORDER
SCATTERING MATRIX ELEMENTS

In this appendix the second-order scattering matrix elements
for two adjacent vertical cylinders above a ground plane are
given. The elements are obtained by setting Ej equal to 9; and
h; and taking the scalar product with , and h,. First defining

~+00 o
™ _ Z (_1)ngMezn¢
+o00o .
TTE = Z (—1)mCEE61n¢
n=-0c
and
. +m — . T
r= (-1)™Cem?

the matrix elements for each type of interaction are as shown
at the top of the next page.
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