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Scattering Model for Hard Target Embedded inside Forest Using
Physics-based Channel Model Based on Fractal Trees
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Abstract

In this paper, a hybrid model is developed, which can estimate scattering properties of a target embedded inside
a forest. The model uses a physic-based channel model for a forest to accurately calculate the penetrated field through
a forest canopy. The channel model is based on a fractal tree geometry and single scattering theory. To calculate
scattering from the target, physical optics(PO) is used to compute an induced current on the target surface since the
dimension of the target is generally very large and the shape is very complicated. Then using reciprocity theorem,
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scattering generated by the PO current is calculated without an extra computational complexity.
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1. Introduction

Detection and identification of targets in a strong
clutter background, for example a target over a rough
terrain, or embedded in a random medium such as a
forest canopy, have long been a subject of intensive
investigation. Whereas significant progress have been
made towards the development of detection and iden-
tification algorithms for targets over a clutter back-
ground, through the application of multi-sensor systems
such as optical, thermal radar systems, detection of
foliage-covered targets with the required probability of
detection and false alarm rate still remains at large an

unsolved problem.

To develop an effective model to detect foliage
camouflaged targets, the phenomenology of electroma-
gnetic wave interaction with foliage and the target
inside a forest must be thoroughly understood. Many
models for monitoring vegetation or wave penetration
into canopies which are based on electromagnetic theory
or experiments have been proposed, but many of them
focus on estimating backscattering from vegetation, or
mean-field inside a canopy using simple techniques
such as Foldy's approximation“]. However, to estimate
scattering properties from a target inside a canopy,
accurate field behavior should be required at observa-

"This work was supported by INHA UNIVERSITY Research Grant(INHA-31438-01).,
ol sty JREA th8td(The Graduate School of Information Technology and Telecommunication, Inha University)

cE= B oW 3 ;20041105118
CSASTYR) ;20043 12€ 149

174



Scattering Model for Hard Target Embedded inside Forest Using Physics-based Channel Model Based on Fractal Trees

tion points inside a forest, which should include the
complete effects of the vegetation. Recently a model™
was proposed based on single scattering theory and a
fractal model for trees(Lindenmayer system), which can
accurately predict scattered field from many tree con-
stituents such as tree trunks, branches etc. In this model,
scattered field from individual tree constituents modeled
by circular cylinder and dielectric disks is calculated by
uniform formulations which are valid in the near-field
to far-field regions of the scatterers.

In general, a target itself has a very complex geome-
try, electrically large dimension, and material properties.
Hence it is very hard and inefficient to exactly compute
scattering from the complicated target by using any
numerical method such as method of moment(MoM).
Scattering from these electrically large objects, however
may be very accurately estimated by high frequency
techniques such as PO approximation to maintain com-
putational efficiency. To further reduce the overall com-
plexity of the scattering model, reciprocity theorem can
be used to estimate the effect of the canopies on the
scattered field from the embedded target at an obser-
vation point outside the forest. Simply explaining the
proposed procedure for the scattering model, first using
the channel mode! the incident fields at many points on
the target surface are computed which include the effect
of vegetation. Then from the calculated fields the
induced current on the target body can be calculated by
using PO approximation. Based on the PO current reci-
procity theorem is used to estimate the scattered field
from the target at the original source point or radar
point. Using the reciprocity theorem the interaction
between vegetation and target is naturally taken into
account up to first order. Hence, in the developed
model, multiple scattering between target and vegetation
can not be considered.

I. Forest Model

From electromagnetic scattering point of view, a tree
can be considered as a complex object composed of a

group of various scatterers structured in a semi- deter-
ministic fashion with electrical characteristics very
much dependent on their moisture content. At UHF
frequencies and higher, dimensions of tree trunk, the
primary and secondary branches, or even leaves and
twigs can be much larger than or comparable to the
wavelength. Noting that a relatively large cluster of
trees around an observation point significantly contri-
bute to the total field at the receiver, field calculations
based on brute force numerical techniques are not
possible at microwave frequencies or higher. However,
if the multiple scattering among branches and leaves is
ignored, a single scattering model can be constructed.
To a high degree of accuracy this model can predict the
first order statistics of the total field within a forest.
This is because through the averaging process the
dominant portion of the total field(coherent effect) can
survive, and the multiple interactions are minimized. In
modeling the forest, one approach is to distribute the
vegetation particles(leaves and branches) uniformlym,
however, it is found that for frequencies up to about 3
GHz it is important to preserve the structural infor-
mation of tree canopies for accurate prediction of radar
backscatter'”. This effect can be expected to be even
more important when the observation point is within the
forest. Basically, not only the coherence of the scattered
fields from the vegetation structure must be preserved,
but also the near-field effects of lower branches and tree
trunks near the observation point must be accounted for

Fig. 1. Problem geometry: radar and target outside and
inside a forest, respectively.
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very accurately.

Fig. 1 shows the problem geometry where a field is
incident from outside a forest on a target embedded
inside the forest. As the signal passes through the
foliage, it experiences attenuation and scattering which
depend on signal parameters such as frequency, polari-
zation, and incidence angle as well as vegetation attri-
butes such as tree type, density, and height. As men-
tioned earlier, to model the interaction of electroma-
gnetic waves with vegetation accurately, tree structures
must be modeled rather accurately. Considering the
number of branches and leaves on a tree and the
variability in their sizes and orientations, generating a
tree structure can be a very difficult task. This can be
done efficiently by approximating tree structures by
fractal geometries. Here we use a statistical Linden-

W in conjunction with botanical proper-

mayer system”
ties pertinent to specified tree specie. In this model, the
geometry of vegetation particles is also approximated by
canonical geometries such as dielectric disks, needles,
and layered dielectric cylinders. Each particle in the
medium is assumed to be illuminated by the incident
wave, attenuated by the foliage along the ray between
the particle and the canopy top. The attenuation through
the foliage is calculated using Foldy's approximationm
and single scattering theory is invoked to compute the
field scattered from all vegetation particles and their
images in the ground plane in the vicinity of the
observation point. The total field is then obtained by

adding all scattered field components coherently.

[l. High Frequency Scattering Model for Hard Target

PO approximation is widely used to predict scatter-
ing from large scatterers™", To treat an irregularly
shaped object with PO approximation, the object is first
decomposed into many flat elementary patches, which
have a simple geometry such as rectangle or triangle.
Then, using tangent plane approximation, the current on
the lit region of the scatterer is approximated as [5],

J=2 flxl-—l=—2i{i’—ﬁx(VxE) )

(]
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Fig. 2. Electric currents induced on the object due to
the direct and reflected electric fields.

where E and T are the incident electric and magnetic
fields on the object, respectively, and % is a normal
unit vector, as shown in Fig, 2.

According to Fig. 2, when an object is above the
ground plane, the PO current should be estimated with
two incident waves, direct wave and reflected wave
from the ground plane. It is very difficult to consider
the ground plane effect in an exact manner due to the
complexity of Green's function. For simplicity, in this
paper the four-ray geometric optics(GO) model is used,
which is simple to apply and accurate if scatterers are
located sufficiently high above the ground plane. The
incident field on the target is composed of the super-
position of mean field through the tree canopy and
scattered fields from all tree constituents. Also
individual incident field can be decomposed into two
components such as a direct wave and a reflected wave
from the ground plane.

The scattered field from the target for each incident
field can be easily calculated using reciprocity. Since
the system is linear, we can express the reciprocity
theorem for two sets of sources and fields, denoted by
1 and 2, as [5],

4,2 =40, 1) @

where we define,

E =(Ey+E )y + Y, (E,+E)
scatterers

= 4m r, o ya

J, = T . prs S(F-r)p

(4
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The point source J, which is placed at the radar
location 7, generates the horizontal or vertical
polarization of #( /), and E, is a total summation
of direct and reflected fields, including both the
scatterings from all the tree components and the direct
incident field (mean-field) indicated by the subscript
direct. The electric currents of 7, and 7, are gene-
rated by the direct and reflected fields, respectively.
According to Fig. 2, for each wave, GO approximation
is adopted to determine the lit and shadow areas on the
target surface for the individual incident field. The
equivalent current 7, is a surface current, estimated by
(1). Therefore, the backscattered field can be expressed
as a 2-D integral.

4z 7 surface v (4)

where p and ¢ are 4 or v. The minus sign is chosen
when p is for a vertical polarized wave. Numerically,
the surface integral of (4) is calculated by a summation
of all the contributions of the elementary patches.
Finally, the Radar Cross Section(RCS) can be calculated
from

2
s _ 2| &=
C, =47 Ry |E,,

6

When the aforementioned procedure is applied to a case

where a scatterer is above a ground plane, the following

equation for scattered field from the scatterer at an

original source point can be obtained.
[E,-Jydv=[E,-Jidv~ 2[4 (E, x H, )ds

Since the field consists of two components, direct and

reflected waves, E,x H, in the above equation can be

expanded as

ExH, =(E,' +E]’)x(1-—11'+1?11’)
=E'xH! +E xH] +E] xH! + Ef xH (6)

@)

where the superscript, r indicates the reflected waves
from the ground plane and i the direct waves. The first
and second terms in (6) are the direct scattered fields
due to the direct and reflected incident waves on the
target, respectively. The third and final terms are the
reflected scattered field from the ground plane due to
the direct and reflected incident waves on the target,
respectively. Hence (6) expressed the famous four-rays
model to deal with a ground plane approximately.
Therefore the proposed procedure based on the reci-
procity theorem may be accurate and exact up to first
order.

IV. Simulation Resuits

PO approximation is widely used for scattering cal-
culation for a large object and/or at high frequencies,
but the accuracy of the approximation may be doubtful
especially if the shape of a scatterer is very complicated
since higher order interactions are ignored. However,
inside a random media, field is incident on a target in
every direction due to scattering from many particles,
and so the dominant scattered field at an observation
point from the target may be scattered fields in the
specular direction from some particles of the random
media. Since specular scattering is the strongest among
all scattered field components, and PO approximation
can estimate the specular scattered field very accurately,
the accuracy of PO approximation may be sufficient for
scattering from an object inside a random media. To
verify this observation, scattering from two circular
disks is considered. The two disks are identical, whose
radius and dielectric constant are 2 cm and 26.6+i11.56,
respectively. Frequency is set at 10 GHz. One disk is
located on x-y plane, and the other is aligned at 6=
31.22° and ¢= 258.8°. First one incident plane wave
is considered, whose orientation is 0.27 x +0.078 y
+0.36 z.

Fig. 3 shows a comparison of the magnitude and

'phase of the scattered field as a function of elevation

angles of observation points. As seen in the figure the
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Fig. 3. Comparison of scattered field from two circular

disks calculated by two methods, moment me-

thod and PO. One plane wave is incident on
the disks.

results of PO approximation has a very large dis-
crepancy (>10 dB) compared with the results of MoM.
Next to simulate an effect of a random media, it is
assumed that 2000 plane waves are incident on the
same scatterers whose orientations and magnitudes are
randomly distributed. Fig. 4 shows the same plots, but
these comparisons show the accuracy of PO approxi-
mation is improved drastically for both magnitude and
phase over the whole comparison region.

Next to verify the proposed procedure based on the
reciprocity theorem for the calculation of backscattering
from a target, scattering from a perfect electrical con-
ductor(PEC) is considered where the size of the PEC
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Fig. 4. Comparison of scattered field from two circular

disks calculated by two methods, moment me-

thod and PO. 2000 plane waves are incident

on the disks, whose magnitude and phase are
randomly distributed.

plate is 3 A X3 A horizontally placed 1 m above a lossy
ground plane. For this simulation the relative permi-
ttivity of the ground plane is set to be ¢,=56+i0.8
and the frequency is chosen as 2 GHz. To calculate the
integral in (4), the plate is meshed into 144 segments
of A/4X A/4 square elementary patches. On each patch,
the electric field and the electric current are considered
constant and equal to the value at the center point of
that patch. Fig. 5 shows the comparison between the
exact PO calculation™ and approximation of (4), as a
function of the incident angle. As can be seen in the

figure, the proposed procedure generates very accurate
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Fig. 5. RCS of a 34 x3 1 PEC square plate, horizon-

tally placed 1 m above a lossy half space, as

a function of the incident angle 6, for ¢=

0°. Comparison between the exact PO calcu-
lation and approximation of (4).

results which are in excellent agreement with the results
of the exact PO calculation.

For a complete simulation, 10 pine trees were ran-
domly located around the plate, with density of 0.05
trees/m” whose height is 15 m. Fig. 6 shows the plot of
RCS of the plate inside the pine forest as a function of
azimuthal and elevation incident angles with spacing of
0.5° for each angle. As expected, more fluctuation is
observed along the elevation angle than the azimuthal
angle. Fig. 7 shows the calculated PO current distri-
bution on the plate for a case of §;=37.5° and ¢=
177°. As can be seen, the electric current is almost

aligned in y and % directions for h- and v-polari-
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Fig. 6. Estimated RCS of a 34 x3APEC sqaure
plate, over a lossy half space and below a
forest canopy of pine trees as a function of
elevation and azimuthal angles of @ and ¢.

zation, respectively since the mean field is very high,
but the current fluctuates very much.

Changing tree locations and tree shapes, back-
scattering is calculated from a A X A PEC plane inside
the same pine forest. 4 realizations are done. Fig. 8
shows the mean and simulation range of the predicted
scattering by the target. As expected, the mean of
scattering is reduced compared with that without the
forest, and the computed RCS fluctuates very much due
to the effect of the forest. Since tree trunk is the largest
scatterer, ¢ . iS smaller than o¢m. As seen in the
figure, it is observed that scattering from a forest is
larger than that from the target since the plane is much

smaller than trees.
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Fig. 7. Current distribution on the plate for 8;=37.5°
and ¢,=177°.

V. Conclusions

In this paper, a hybrid model is developed based on
the known physics-based channel model for a forest and
PO approximation to estimate a scattering characteristics
of a target embedded inside a forest. The forest channel
model generates an artificial forest based on fractal tree
geometry and calculates scattered fields at a point inside
a forest from tree constituents such as trunks, branches,
and leaves in a uniform manner. Using the channel
model, fields on a target body is accurately estimated,
and converted to current distribution through the stan-
dard PO procedure. Based on the estimated PO current,
backscattering can be easily calculated using reciprocity
theorem. In this paper, the proposed procedure is
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Fig. 8. Monte Carlo simulation of RCS of a A X A
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dered. '

verified, and the backscattering is calculated from a
large PEC plate inside a pine forest.
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