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Electromagnetic Scattering Model for a
Tree Trunk Above a Tilted Ground Plane

Yi-Cheng Lin, Student Member, IEEE, and Kamal Sarabandi, Senior Member, IEEE

Abstract— An efficient and realistic electromagnetic scattering
model for a tree trunk above a ground plane is presented in
this paper. The trunk is modeled as a finite-length stratified
dielectric cylinder with a corrugated bark layer. The ground
is considered to be a smooth homogeneous dielectric with an
arbitrary slope. The bistatic scattering response of the cylinder
is obtained by invoking two approximations. In the microwave
region, the height of the tree trunks are usually much larger than
the wavelength. Therefore the interior fields in a finite length
cylinder representing a tree trunk can be approximated with
those of an infinite cylinder with the same physical and electrical
radial characteristics. Also an approximate image theory is used
to account for the presence of the dielectric ground plane which
simply introduces an image excitation wave and an image scat-
tered field. An asymptotic solution based on the physical optics
approximation is derived which provides a fast algorithm with
excellent accuracy when the radii of the tree trunks are large
compared to the wavelength. The effect of a bark layer is also
taken into account by simply replacing the bark layer with an
anisotropic layer. It is shown that the corrugated layer acts as
an impedance transformer which may significantly decrease the
backscattering radar cross section depending on the corrugation
parameters. It is also shown that for a tilted ground plane a
significant cross-polarized backscattered signal is generated while
the co-polarized backscattered signal is reduced.

I. INTRODUCTION

ECAUSE of the important role of the earth’s vegetation

cover on climatic changes, characterization of physical
parameters of the vegetation cover remotely and globally is
of great importance. In recent years, considerable effort has
been devoted to the development of electromagnetic scattering
models for forest canopy [1]-[3]. In these models the forest
canopy is considered to be composed of simple geometrical
particles having different sizes, shapes, and dielectric con-
stants. Using vector radiative transfer theory, it has been
shown that the backscattering from a typical forest stand can
be decomposed into four scattering components: 1) direct
backscattering from the crown layer, 2) bistatic scattering from
the crown layer reflected from the ground plane, 3) bistatic
scattering from the trunk layer reflected from the ground
plane, 4) direct backscattering from the ground plane [1]. In
lower microwave frequency and/or when the crown layer is
tenuous the backscattering is dominated by the ground-trunk
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interaction. Therefore the accuracy of the scattering model
in such cases is directly proportional to the accuracy of the
scattering model for tree trunks above a ground plane.

In the mentioned models of forest stands, a tree trunk is sim-
ply modeled by a vertical, homogeneous, finite-length dielec-
tric cylinder. The scattering solutions for a finite-length cylin-
der, reported in the literature, are either based on the eigen-
function expansion solution for an infinite cylinder [1]-[5],
or low frequency approximation where all dimensions of the
cylinder are small compared to the wavelength [6]. When
the cylinder radius is large compared to the wavelength the
eigen-function solution becomes, numerically, inefficient due
to the poor rate of convergence of the series involved in the
solution. This is the case in the microwave region where the
radius of tree trunks in a forest stand can be significantly
larger than the wavelength. An inefficient solution for the
calculation of scattering properties of a canopy constituent
particles makes the canopy model numerically intractable
because the scattering solution for individual particles must
be evaluated many times to account for the particle vari-
ability in size and orientation. Moreover, in modeling a tree
trunk with a dielectric cylinder, an important feature of the
tree trunk, the bark layer, has been overlooked. For many
trees, the bark layer is rough and can be represented by
longitudinal grooves on the surface of a dielectric cylinder
having possibly a different dielectric constant. The effect of
the bark layer on the RCS of a tree trunk was demonstrated
recently by representing the bark layer with a corrugated
dielectric layer [7]. Using a hybrid scattering model based
on the method of moments and physical optics it was shown
that the RCS of a tree trunk is significantly reduced when
the effect of the bark layer is taken into account. How-
ever this model is not numerically efficient enough to be
used in conjunction with the scattering model for a forest
canopy.

In this paper, a realistic and efficient scattering model
for a tree trunk above a ground plane is developed. In this
model the effect of the radial inhomogeneity as well as the
rough bark layer are taken into consideration. Relying on
the fact that the dielectric constants of tree trunks are highly
lossy, the physical optics (PO) approximation is used at high
frequencies where the radius of curvature is large compared
to the wavelength. For finite-length cylinders having radii
comparable to the wavelength, the eigen-function expansion
in conjunction with the field equivalence principle is used.
The bark layer is represented by a periodic corrugated layer
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Fig. 1.

Global coordinate system.

and equivalently replaced by an anisotropic layer as suggested
in [9]. The ground plane is considered to be a homogeneous
medium having a smooth interface and both the cylinder and
the ground plane are allowed to have arbitrary orientation with
respect to the global coordinate system. Numerical simulations
are demonstrated in Section VII where the region of validity
of the PO approximation and the effect of a bark layer and a
tilted ground plane are investigated.

II. GLOBAL COORDINATE SYSTEM

In this paper, the problem of scattering from a cylinder
above a ground plane in the most general configuration is
considered as shown in Fig. 1. A global coordinate system
(X, Y, Z) is constructed to describe the directional vector 4,

w(f, ¢) = X sin 6 cos ¢+ Y sin  sin ¢+ Z cos 8 (1)

representing the unit vector along the incidence direction
ki(8;, ¢:), the scattering direction k, (6, ¢s), the orientation
direction of the cylinder 2.(6., ¢.), or the unit normal to
the ground plane 74(8,, ¢4). In this coordinate system, the
horizontal and vertical polarization of the incident and the
scattered waves are defined by

X kyp/|Z % k| )
X fc,, 3)

P

>
Il
.“D'” N>

=
Il

P

where subscript p can be ¢ or s. In this paper, the forward
scatter alignment convention [6] will be used. The components
of the scattered field E® and the incident field E' in the global
coordinate system can be related to each other by the scattering

matrix S, i.e.,
(Eg) _e®n (S Sw )\ (ER @
E; T \Shw Sw ) \E}, )’
The ground is assumed to be smooth having an arbitrary

slope in the global coordinate system. It can be shown [8] that
when the observation point is away from the ground plane
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interface and in the far field region of the scatterer, the effect
of the ground plane on scattering can simply be taken into
account by including the mirror image contributions. Hence
the scattering matrix consists only of four components,

S=S8;+ Sgt + Stg + Sqtg o)
where
S, =S%k,, k) ©
Sge =™ Dks, g, ksg) - $%(ksg, ki) N
Sty =€ 8%ks, kgi) - Dkgi, g, ki) ®)
Sgtg =TIk, g, ki)
- 8O(ksg, kgi) - T(kgis g, ki) )
Here,

7o = kob(iy - 30) (i -

In the approximation (5) higher order scattering terms, such
as multiple scattering between the object and its mirror image,
have been ignored. In the above expressions, the optical
lengths 7; and 7, account for the extra path lengths of the
image excitation and the image scattered waves respectively.
SO(IAVS, k;) is the scattering matrix of the isolated target in
free space, and I'(k,. g, k;) is the reflection matrix which
accounts for the specular reflection and polarization transfor-
mation due to the tilted ground plane. In order to provide a
physical insight for each term in (6)—(9), subscripts ¢ and g
are added to represent the scattering from the trunk and the
reflection from the ground plane respectively. The order of the
subscripts indicates the sequence of scattering in the first order
solution. The unit vectors indicating the direction of incident,
scattered, and reflected waves, as shown in Fig. 1, are also
expressed in the arguments of S° and I' in the same order. In
most cases the total backscattered signal is dominated by the
specular terms Sy and Sy,

In the following sections, a general reflection matrix I" for
a tilted ground plane with arbitrary slope is first obtained, and
then the bistatic expressions for the scattering matrix S° of
a stratified finite cylinder in free space based on the eigen-
function expansion and the PO approximation are derived.

III. REFLECTION COEFFICIENT MATRIX
FOR A TILTED GROUND PLANE

In most scattering models for forest stands, the effect of
the surface topography is ignored. Reference [10] showed the
importance of the ground tilt angle in the radar backscatter.
In this section, an expression for the reflection matrix of a
tilted ground plane is derived which will be used to develop a
polarimetric scattering formulation for a cylinder with arbitrary
orientation above a tilted ground plane.
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Consider a tilted ground plane with a unit normal 74 (64, ¢,)
that is illuminated by a plane wave propagating in k; direction.
The direction of the reflected wave is given by

kr = k; — 204 (R - ki) (10)
which is normal to E" having E] and E as its vertical
and horizontal components in the global coordinate system.
Defining the reflection coefficient matrix I' by

E" = I'(k,, g, ki) - E* (11)
the objective is to express the elements of T' in terms of the
Fresnel reflection coefficients of the ground plane. In the local
coordinate of the ground plane, the vertical and horizontal
polarization of a wave are defined by

R (12)

- (13)

where the subscript p can be ¢ or r. By representing both
the incident and reflected field vectors in the local coordinate
system (¥, hy,, kp) and noting that

EN (T, O E:,

Er, ) \0 Tu E,’,
the elements of the reflection coefficient matrix can be obtained
from

(14)

Tpg = (br - 0n)00r (07 ) + (Br - h)Twr (R - @) (15)
where p and ¢ can be v or h, and I',» and I';,s are, respectively,
the vertical and horizontal Fresnel reflection coefficients of the
ground plane. The inner products in the above expression in
terms of the global coordinate parameters are given by

_ g Z — (ki - Z)(y - ky)
) g x I}JHZX Ajl
bj -y =—h; -0}
— ﬁg'hj
g x ks

where j can be i or 7.

The local slope has two significant effects on the backscat-
terer: 1) depending on the slope angle and the trunk height,
the ground-trunk term in the backscattering direction reduces,
and 2) a significant cross-polarized component is generated
through the reflection from the slanted ground plane which
enhances the cross-polarized backscattering coefficient. These
two effects will be examined and illustrated later.

IV. A SEMIEXACT SOLUTION

Scattered fields of an infinite stratified cylinder can be
obtained by the standard eigen-function expansion method
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[11]). However, for finite-length cylinders, no exact solution
exists. In the microwave region where the length of a tree trunk
is much larger than the wavelength and the dielectric constant
has a significant imaginary part, the effect of the longitudinal
traveling waves on a finite cylinder can be ignored. Therefore,
the internal fields of a finite cylinder may be approximated
by those of an infinite cylinder having the same radial charac-
teristics. In this paper the scattered fields of a finite cylinder
is obtained by invoking the field equivalence principle. That
is the dielectric cylinder is replaced by fictitious electric and
magnetic surface currents J and M given by

J=nxH
M=-nxE

(16)
an

where H and E are the total (incident plus scattered) magnetic
and electric fields on the surface of the cylinder, and 7 is the
unit vector outward normal to the cylinder surface. These fields
are approximated by those of the infinite cylinder, and their
tangential components on the surface of the cylinder are given
by

E(p =a,¢,2)= Eei®=4m) ()
ZoH.(p' = a, ¢', ) = Z Hope' 254090 (19)
Ey(p' =a, ¢, 2) = 211: Egpei®e¥2 49 (90)
ZoHy(p' = a, ¢, 2) = znijne“"'Z"Z’*”‘*’) @1

where Z; is the intrinsic impedance of the free space and
E.., H,,, Egn, and Hy, are the Fourier components of
electric and magnetic field which can be found in a recursive
fashion for a stratified cylinder as shown in [12]. In (18)—(21),
(¢, ¢', 2') define a local coordinate system in which the
cylinder axis 2. is along 2’ and §’ = (k; x 2')/|k; x #'|. Using
the fictitious current sources, the electric and magnetic Hertz
vector potentials can be evaluated from

iZ(] eik” b/2

2r
- [
™) drko T J_ 42 Jo
LI, ¢ )e kT g dg! 4y 2)
WYy eikor [b/2 /27(
1I,,(7) =
@ drko T Sy Jo
-M(7, ¢')e_ik°és'?’ad¢’ dz'. (23)

where b is the height of the cylinder. The scattered field in
the radiation zone (far field region) of the cylinder can be
obtained from

E® = —k2[k, x (ks x ) + ky x (ZoH,,,)]. (24)
After some algebraic manipulation as shown in [14], the
elements of the scattering matrix for the finite-length cylinder
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in free space are found to be

8t == e S (0 )10 + e K@) @)
Sth =g T (00 )1(h) + (b - K (b)) 6)
St = o T (e )10) ~ (0 K] @D
s&:-ﬁiﬁivmyyﬂﬁg—@-men(m)
where
Y
1= { Hynurn + =~
-7(lsin qNsznuzn — cos @Hznuln)
- Siz"g E.ntugn — COIZ,"B Euz} (29)
K =—Z {Easnuln + M
. (s;ln &Emu% — cos qSE‘znugn)
- Siz‘i’ Hoir — S Hoon b 0)
with
v_%haﬁ&)”

gy = 27 (—i)" T (o) e™™?

Ugn =27 (—1)" {z cos &Jé(yg) + sin q; yﬁ Jn(yo)} einé
0

Ugy, = 27(—1)" {z sin q;J,'l(yO) — cos J)yﬁ Jn(yo)} pin®
0

B =\l + (o)

- (ks d
= tan~! =
j (

s " 2
yo = kgaB. (3
Here J,, and J), are, respectively, the Bessel function of first
kind and its derivative. It should be noted that I and K as
given by (29) and (30) are functions of the polarization of the
incident wave.

V. PHYSICAL OPTICS APPROXIMATION

The semi-exact solution described in the previous section
becomes inefficient at high frequencies where the radius of
the cylinder is large compared to the wavelength and fails
when the cross section of the cylinder is not circular. These
deficiencies can be removed at high frequencies by employing
the PO approximation. This approximation is valid when the
radius of curvature of the cylinder is large compared to the
wavelength and the permittivity of the cylinder has a relatively
large imaginary part so that the effect of the glory rays and the
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Fig. 2. (a) A corrugated layer and (b) its equivalent anisotropic layer.
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Fig. 3. Comparison of the PO approximation with the semi-exact

solution. The ratio of the interior radius as and the exterior radius

a;(= a) is kept constant (az/a; = 0.9). Other parameters are
= 20X, €1 = 4+ il.ea = € = 10 + i5, 6, = 120°,
&; = 180°, 8, = 60°, @, = 0°, 6y = 6. = 0°.

creeping waves could be ignored. As before, the cylinder is
replaced by fictitious electric and magnetic currents, however
in this case, the currents are approximated by those of the
local tangential plane which are proportional to the sum of the
incident and reflected waves.

To simplify the integration of the currents over the lit
surface, the stationary phase (SP) approximation may be used.
This approximation is valid so long as the stationary point
falls over the lit region. For convenience, a local coordinate
(f, £, {) is established at the SP point. The local tangential
directions are defined by

E=nxki/|fx ki (32)
[=nx# (33)

where 7 is a unit vector normal to the cylinder surface at
the SP point. For the general case of an anisotropic medium
(the bark layer may exhibit anisotropic properties) a dyadic
reflection coefficient R is introduced to relate the polarization
coupling between the incident and reflected waves, i.e.,

7 =R-Ef. (34)
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Fig. 4. The normalized backscattering RCS as a function of the incidence angle § = = — 6; for a two layered cylinder with and without the corrugation.
Other parameters are b = 20Ao, a1 = 2Xo, a2 = 1.8), ¢ = 0.1Xo, d/L = 0.7, ¢; = 180°, ¢, = 0°, 8, = 6, = 0°.

Combining the incident and reflected fields, the total fields
E(= E" + E*) and H(= H" + H*) on the surface of the
cylinder can be obtained from

El . 1 + va E[l (35
Ei ) "\ Rny 1+ Ru, ) \E}

H\ _(1-Ru  Rp, Hi
Ht - th 1- Rv'u H: )

Applying the stationary phase approximation, it can be shown
that the Hertz vector potentials are given by

Ryp

and

(36)

VA ikor

m ="2° 37
IC() T
Y tkor

m,=""%"qgm 38)
ko T

where J and M are the fictitious currents evaluated from the

total fields E and H at the SP point (¢’ = ¢), and
Q _ @ /b/2 /1\'/2
A J_py2 Jory2
. g—tkoaB cos (¢’—$)eiko(ici—ic,)-;sz'ad¢/ ds'
_tsinV e—ikoBa koa
TV V2B
koBa T ~
' {F [ > (5 + ¢)]

(39)

with

and F'(-) is the Fresnel Integral. This approximation is valid
provided kgaB > 1 and ¢ is away from the shadow boundary.

Using a similar procedure as in the previous section, the
scattering matrix elements are found to be

S0, =QI(I - 5:) Zo Sy + (F - 5) Zo 1o

+ (1 ho)Miy + (F - hy)Myy) (402)
8% = QI - 85) ZoJu + (£ - D) ZoTon

+ (i ﬁs)Mlh + (£ ;ls)Mth] (40b)
Spy = QI - he) Zo Tt + (£ - ha) Zo 1o

= (I 0s) My — (£ 05) My, (40c)
89 = QI - he)Zodin + (£ - o) ZoJun

— (I 9)Mip, — (£ - 95) Min) (40d)

where Jp,, and M, are the currents along $ direction induced
by a § polarized incident wave (p can be ¢ or [ and ¢ can be v or
h). The inner products of the vectors in the above expressions
can easily be calculated in terms of the global coordinates.

The above results fail in the case of forward scattering for
which B = 0. However, in directions close to the forward
direction, an alternative approximation for the scattered field
is possible and is given by [14]

sin V sin W etker

A

E' @)

where W = koa(k, - §) and V is given in (31).

VI. MODELING OF A CORRUGATED BARK LAYER

For some tree species, the bark layer is corrugated with
grooves along the longitudinal direction. In this paper, the
bark is simply modeled as a periodic corrugated layer with
period L and width d as shown in Fig. 2(a). It is shown in
[9] that,when L < Ao/2 (single Bragg mode), the corrugated
layer can be equivalently replaced by an anisotropic layer [see
Fig. 2(b)] with the same thickness whose permittivity tensor
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Fig. 5. The normalized bistatic (a) 6., and (b) ¢, as a function
of the scattering elevation angle 6, in XZ-plane (§, > 0 when

¢s = 0°%6; < 0 when ¢, = 180°). The backscattered and the
specular directions are shown at 8, = 60° and 6, = —60°, respectively.

Other parameters are §; = 120°,¢; = 180°, 6, = 6. = 0°,
b = 20Xg, a1 = 2Ag, a2 = 1.8)¢.
is given by
€11 0 0
€= 0 €22 0 (42)
0 0 €33

The entries of the tensor in terms of the permittivity, period,
and width of the corrugated layer, when L < 0.2}, are
approximated by

€r
N1 -d/L)+d/L “3)
€22 =€33 = 1+ (¢, — 1)d/L. 44)
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Assuming that the radius of the cylinder is much larger than
the wavelength, the permittivity of the bark layer can be
represented by €(¢, z, n) where €54 = €11 and €,, = €pp, =
€22.

To employ the PO approximation, a coordinate transforma-
tion from the local (¢, z, n) to (¢, [, n) at SP point is needed.
The resultant permittivity tensor in coordinate (¢, [, n) is (45),
(shown at the bottom of the page), where

. fi- 2

¢, = cos™ —_——
V1 - (7 k;)?

The reflected fields from a stratified anisotropic dielectric half
space is computed using the method described in [13].

(46)

VII. NUMERICAL RESULTS

In this section a number of numerical examples for the
scattering from a finite cylinder above a ground plane are
presented. In all the considered examples the normalized RCS,
defined by

_ 47T|Spq|2
P4 kpab?

are displayed for a two-layered cylinder with height b, exterior
radius a; and interior radius as. The permittivity of the exterior
and interior layers are chosen to be €; = 44341 and €5 = 10425
respectively. Also the cylinder is positioned vertically (6, = 0)
on a tilted ground with permittivity e, = 10 + 45.

First, the validity region of the PO approximation in the
backscatter direction is examined. Fig. 3 compares ¢,, and
orp using the PO and semi-exact solutions. It is found that
the PO solution agrees well with the semi-exact solution when
koa > 10. For small values of kga the resonance behavior
of backscatter is shown by the semi-exact solution. Figs. 4-6
show the monostatic and bistatic scattering patterns which
are simulated for a two-layered cylinder with and without
a corrugation. The thickness of the corrugated layer and its
filling factor are respectively chosen to be t = 0.1)¢ and
d/L 0.7 (see Fig.2). Fig. 4 shows the backscattering
pattern as a function of incidence angle. At small angles
of incidence, the PO approximation differs slightly from
the semi-exact solution because the radial component of the
propagation constant (k, = kg sin #) is small in this region
and the condition k,a > 10 is not satisfied. The vv-polarized
backscattering RCS has two minima corresponding to the
two Brewster angles one occurring on the surface of the
cylinder (6 ~ 25°) and the other occurring on the ground
plane (§ ~ 75°). The ripples on the curves are due to the
components S; and Sy, (5), which become significant for
angles of incidence close to 90°; and the oscillation rate is
proportional to the cylinder length. This figure also shows the

“n

€22 8in® ¢, + €44 cOS? B,
(€pp — €22) sin ¢, cos ¢,
0

€=

(€gp —€z2) Sin @, cos ¢, O
€22 COS 20, + €44 sin 29, O
0 €nn

45)
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Fig. 6. The normalized bistatic (a) 0wy and (b) o4y, as a function of the
scattering azimuth angle ¢s. The backscattered and forward-scattered direction
are shown at ¢s = 0° and ¢, = 180°, respectively. Other parameters are
9; =120°, ¢; = 180°, 6, = 60°, 6y = 6. = 0°, b = 20Ag, a1 = 4)q,
as = 3.6Ap.

effect of the bark layer on the backscattering RCS. Depending
on the incidence angle the RCS of the cylinder may be reduced
as high as 10 dB. The reduction in the RCS is a function of
the cylinder length and the corrugation parameters. Basically,
the corrugated layer behaves as an impedance transformer
between the air and the vegetation material. Fig. 5 shows the
bistatic scattering pattern as a function of elevation angle when
6; = 120°, ¢; = 180° and the observation point is moving in
the X Z-plane. Fig. 6 shows the bistatic scattering pattern as a
function of azimuth angle (¢,) with §; = 120°, ¢; = 180°, and
fs = 60°. The discontinuities found on the PO solution near
the forward directions are because of switching the expression
for scattering from (40) to (41).

Figs. 7-9 show the effect of the tilted ground plane on the
backscattering RCS. All the parameters in Fig. 7 are the same
as those given in Fig. 4 except for the tilt angle of the ground,
g = 20° and ¢, = 90°. Comparing Fig. 4 with Fig. 7, it can
be seen that a significant cross-polarized backscattered signal
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¢ (dB)

Incidence Elevation Angle n-6, (Degrees)

Fig. 7. The normalized backscattering RCS as a function of the incidence
angle = — 8, for a two layered cylinder above a tilted ground plane. Other
parameters are 65 = 20°, ¢g = 90°, 6. = 0°, ¢; = 180°, ¢, = 0°,
93 =7 - 9,‘, b= 20)\0, a = ZAQ, agz = 148/\0.

(dB)

)

Ground Azimuth angle b, (Degrees)

Fig. 8. The normalized backscattering RCS as a function of the
ground azimuth angle ¢4. Other parameters are 6, = 20°, 6, = 0°,
0; = 135°.¢; = 180°, 6, = 45°, ¢s = 0°,b = 20Xg, a1 = 2Xo, a2 =
1.8X. :

is generated due to the slope of the ground plane. Fig. 8 shows
the variation of backscattering RCS as a function of the ground
azimuth angle ¢, where 8; = 135°, ¢; = 180°, and 6, = 20°.
One can observe that the peak of the backscattering RCS
occurs at ¢4 = 70°(= 7 —0,). Fig. 9 shows the backscattering
RCS as a function of the ground elevation angle 6, where
6; = 135°, ¢; = 180°, and ¢, = 0° and 180°. The regions in
the positive and the negative 6, represent the ascending and
the descending sides of a mountain respectively. In this case
no cross-polarized signal is generated because the cylinder
is in the principal plane (X-Z plane). Note that there are
two maxima occurring at §, = 0° and 6, = —22.5°. The
first maximum corresponds to the dihedral-like ground -trunk
interaction. The second maximum corresponds to a reflection
from the ground plane which illuminates the cylinder at normal
incidence. The backscatter from the cylinder bounce off from
the ground plane and returns toward the radar (see Fig. 10).
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Fig. 9. The normalized backscattering RCS as a function of the
ground elevation angle 8, (6, > 0 when ¢4 = 0°6; < 0 when
¢y = 180°). Other parameters are §; = 135°, ¢; = 180°, 6, = 45°,
@s = 0°, b = 20X, a1 = 2Xo, a2 = 1.8)¢.

Fig. 10. The geometry of the scattering configurations for a cylinder over a
tilted ground where a strong backscatter can be observed.

This strong backscatter component can be observed where
k;, g, and Z. are in the same plane and 6; = 260, + 7 /2.

VIII. CONCLUSIONS

An efficient and realistic electromagnetic scattering model
for a tree trunk above a ground plane is presented in this paper.
The trunk is modeled as a finite-length stratified dielectric
cylinder with a corrugated bark layer. The ground is considered
to be a smooth homogeneous dielectric with an arbitrary slope.
An asymptotic solution based on the PO approximation for
high frequencies is derived. This solution provides a fast
algorithm with excellent accuracy when the radii of tree
trunks are large compared to the wavelength. The effect of
the bark layer is also taken into account by simply replacing
the bark layer with an anisotropic layer. It is shown that
the corrugated layer acts as an impedance transformer which
may significantly decrease the backscattering RCS. The RCS
reduction depends on the corrugation parameters. It is also
shown that for a tilted ground plane a significant cross-
polarized backscattered signal is generated while the co-
polarized backscattered signal is reduced.
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