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Abstract—In this paper, we present numerical simulations and indoor
bistatic scattering measurements on scaled targets. The targets are
vertical and/or tilted dielectric parallelepipeds representing the main
forest elements (tree-trunks and primary branches) at VHF and low-
UHF frequencies. They are placed above an aluminum circular plate
to simulate a flat ground. The measurements have been conducted in
the anechoic chamber of the “Centre Commun de Ressources Micro-
ondes” (CCRM) in Marseille, France. A 3D forest scattering model
using a Method of Moments (MoM) is deployed to simulate the electric
fields scattered by these targets. Two radar geometric, azimuthal and
zenithal, bistatic configurations with special attention to the specular
direction have been considered. Simulation results and experimental
data are confronted for both VV- and H H-polarizations in order to
evaluate the accuracy of our model. We have obtained a very good
agreement between theoretical and experimental scattered fields for
both the magnitude and phase.

1. INTRODUCTION

Studies of bistatic scattering by forested areas have a practical
importance for both military and civil remote sensing applications.
These studies mainly interested militaries in precise target location
or receiver camouflage. They are very useful as well for remote
sensing applications like higher accuracy forest parameter estimation
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and target detection. Furthermore, bistatic radar configurations are
very attractive for interferometric studies [1, 2].

Bistatic radar configurations have a number of attractive benefits
but have received only little attention because they are more difficult
to handle than conventional monostatic radar configurations [3,4].
Because of their complexity, outdoor experimental investigations are
fairly limited. One of them is the jointly air-borne experiment
organized by the German Aerospace Center (Deutschen Zentrums
fir Luft- und Raumfahrt — DLR) and the French Aerospace
Research Establishment (Office National d’Etudes et de Recherches
Aérospatiales — ONERA) involving their radar systems E-SAR and
RAMSES, respectively [5]. Other fully polarimetric radar scattering
measurement of forested hills conducted at large bistatic angles and
grazing incidence is reported in [6].

Interest in bistatic radar configurations where the transmitter
and the receiver are located on two separate platforms has led to the
development of bistatic forest scattering models. They can be classified
into two groups. The first group contains the approximate scattering
models that are usually based on Radiative Transfer (RT) theory [7]
and Distorted Born Approximation (DBA) [8]. The DBA models
incorporate the coherence effects associated with target positions while
RT models ignore the phase information. The second group includes
the rigorous scattering models employing numerical techniques, such as
the Method of Moments (MoM) [9,10] or the Finite-Difference Time-
Domain (FDTD) [11], that basically transform integral or integro-
differential formulations into a linear system of equations. This kind of
models compute the “exact” scattered field at any point above the soil.
Theoretical bistatic scattering models have been developed to support
the design of experiments and the understanding of the mechanisms
involved in the scattering process. A validated scattering model
is useful for the retrieval of forest parameters and for classification
studies.

Conversely to outdoor measurements, indoor bistatic experiments
seem to be more appropriate in testing and validating the developed
scattering models. Due to the indoor conditions, environmental
variations as well as experimental uncertainties (i.e., antennas
positions) are well-controlled and target position is known with high
accuracy. Therefore, the experiment parameters can be precisely
employed as inputs for the model.

In the last 10 years, various indoor measurements have been
conducted in anechoic chambers to characterize the bistatic scattering
by canonical and complex targets. Some experiments have been
performed by using two antennas on separate platforms [12-16]
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while others are carried out with a monostatic radar and a
reflective plane [17]. Within this framework, ONERA has performed
scaled-model measurements in its anechoic facility BABI. These
measurements have served to study electromagnetic wave propagation
in forested areas [18] as well as polarimetric scattering by forests in
bistatic radar configurations [19].

In this paper, we propose scaled-model measurements in order to
validate a 3D rigorous scattering model that simulates the interaction
of VHF and low-UHF electromagnetic waves with a forest. This model,
based on an electric field volume integral formulation, computes the
“exact” scattered field by the forest at any observation point above
the soil. Beside that, the model also provides the contribution of the
various scattering mechanisms. A MoM with a point matching as
testing functions is applied to solve the Electric Field Integral Equation
(EFIE). The practical limitation of our approach is related to the
available computer memory space, which depends on the frequency
of the incident wave and the number of scatterers as well as their
sizes. Therefore, our modeling tool doesn’t provide the exact scattering
solution for a large number of trees at VHF and UHF-bands. However,
for forests having a weak or moderate tree density, the multiple
scattering interactions between trees (direct interactions and via the
ground) can be ignored and trees can be considered to be independent.
That way, the forest response can be reduced to the coherent addition
of the fields scattered by each tree. Consequently, the required memory
size is reduced and it no longer depends on trees number. In this work,
we study the scattering by simplified targets in order to validate our
model which can be easily generalized to a natural forest.

The experiments have been conducted on reduced-scale models
in the anechoic chamber of the “Centre Commun de Ressources
Micro-ondes” (CCRM) in Marseille, France. The forest scale models
are composed of an aluminum circular plate, vertical and/or tilted
dielectric parallelepipeds respectively representing the forest ground,
tree-trunks and/or the primary branches.

The paper is organized as follows: Section 2 briefly describes
the theoretical model, including the geometrical representation of
the forest, the model formulation and the computation process. In
Section 3, we present the indoor scaled-model measurements. This
section describes the anechoic chamber of the CCRM, followed with
a description of the measured forest scale models. It ends with
the measurement steps and the calibration procedure. In Section 4,
we compare experimental and theoretical results, then we show the
contribution of each scattering mechanism to the scattered field.
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2. THE THEORETICAL MODEL

Microwave radar frequencies do not provide useful information on
hidden elements of the forest since the wave is strongly attenuated
and most forest response originates from the upper canopy layers.
However, radar remote sensing of forested areas is preferable at VHF
and low-UHF frequencies because of their canopy penetration ability
and their sensitivity to many forest parameters. In the following, an
electromagnetic formulation provides the scattered field by a simplified
geometrical representation of the forest is presented.

2.1. Forest Geometrical Representation

As we consider VHF and low-UHF frequencies, the forest medium
doesn’t need to be described in detail because at these frequencies
waves cannot sense the forest smallest elements. The effects of leaves,
needles and the roughness of the soil can be ignored because their
contribution is negligible. Hence, the complex geometry of the forest
can be reduced to dielectric vertical and tilted cylinders of square
cross section (parallelepipeds), representing respectively tree-trunks
and primary branches, above a horizontal interface separating two
semi-infinite homogeneous media, the air and the soil (see Figure 1(a)).

(€1. ft0)

(€2. 110)

x

(@) Geometry of the forest (b) Discretization of the forest into elementary cubic cells

Figure 1. Geometry of the forest and its discretization into elementary
cubic cells. €1 = €y, €2 and € are respectively the free space, ground
and wood permittivities, and pg is the free space permeability.

2.2. Model Formulation and Computation Process

A variety of techniques have been developed to characterize
electromagnetic scattering by forested areas. In this subsection, we
apply an electric field volume integral equation formulation which is
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derived from Maxwell’s equations. This formulation is well suited
to solve scattering problems of inhomogeneous bodies. The volume
integral equation is discretized into a linear system of equations by
using a MoM. It is then approximated by a matrix equation where
unknowns are expressed in terms of internal field inside the trees. The
tree-trunks and the main branches are divided into elementary cubic
cells which are small enough so that the internal field is nearly uniform
in each cell (see Figure 1(b)).

The volume integral equation formulation can also be interpreted
to extract the three physical scattering mechanisms: the Simple-
bounce (Sb), the Double-bounce (Db), and the Triple-bounce
scattering mechanism (Th). Further details on these scattering
mechanisms are reported in [20].

In general, the computation process of the scattered field by the
forest can be decomposed into four steps. In the first step, we compute
the incident field as well as the one reflected on the ground at the
positions of cells discretizing the trees (those fields are computed in
the air in absence of the trees). The ground is supposed to be a plane
interface, so that the reflection is only in the specular direction. In the
second step, we determine the internal field inside the trees, taking into
account all interactions (with the use of the dyadic Green’s function).
The internal field inside the cells of the trees is separated into two
parts: one part corresponding to the direct incident wave and the
other represents the wave reflected on the ground. Therefore, in order
to obtain the two parts of the internal field, we have to solve the
two following integral equations (with a MoM method) by considering
observation points inside the trees T € Q:

B (F) = B () + (k2 + VV.) /Q Y (F)C (5F) B (F)dF (1)

Ei(r) = B () + (3 + VV.) /Q Y (F) G ()L (F)dF (2)

where

e Ei(F): incident electric field
"(T): reflected electric field on the ground

t(¥'): first part of the internal field induced by E!(T)

L (¥'): second part of the internal field induced by E*(T)

(r,7

_ €(T) — e
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[

): dyadic Green’s function of two layered media
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°
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e ko: free space wavenumber

In the third step, we compute the contributions of the various
scattering mechanisms. It should be noticed that the dyadic Green’s
function is the sum of two parts. The first part is the free space Green’s
function, G*(T, '), and the second corresponds to the contribution of
the ground called the regular part of the Green’s function, G'(¥, ).
It is therefore possible to determine the scattered field relied to each
scattering mechanism by means of the following equations:

B (F) = (2 +VV.) /Q ()G () BN ()
Efy, (F) = (kj+VV.) /Q \ (F) G° (. F) By(¥)dr @
Ef(T) = (k§+vv.)/gx(f/) G’ (7,7) B (7)dF 5)
Epy(F) = (5 +VV.) /Q X(F)G'(F, 7)BS (¥ )dr’ (6)

The coherent sum of Dbl and Db2 contributions gives the Db
scattering mechanism:

b (T) = Ebp,1 (T) + Eppa(T) (7)
It is also important to note that the regular part of the Green’s function
is obtained by using the Leading-Order Approximation reported in [21].
This approximation reduces the computation time and is valid in our
case given that we calculate the scattered fields in the far field zone.
Conversely, in the calculation of the internal field, this part is computed
using a 2-D Fast Fourier transform algorithm to consider the near field
interactions.
In the last step, we need to sum the scattering mechanisms
coherently in order to obtain the scattered field by the illuminated
area of the forest at any observation point above the soil.

E*(T) = E§,(F) + Epy, (F) + Eqy(F) (8)

Thus, it is possible to analyze the relative contribution of each
scattering mechanism to the scattered field as in [3].

3. THE INDOOR SCALED-MODEL MEASUREMENTS

Since environmental conditions and experimental uncertainties may
dramatically influence the scattering as well as the forest electromag-
netic properties change during the year, the underlying idea was to
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Figure 2. Photo of the measurement.

carry out bistatic scaled-model measurements in an anechoic cham-
ber. Their aim was to validate our scattering model in well controlled
conditions.

All experiments have been conducted in the anechoic chamber of
CCRM in Marseille, France. The dimensions of the anechoic chamber
are equal to 14 x 6.5 x 6.5m?. The bistatic measurement setup
consists of two antennas, a transmitter and a receiver, placed on an
semi-circular vertical arch and a rotating arm, a network analyzer,
synthesizers and external mixers. Furthermore, a vector network
analyzer (Agilent HP 8510), which was used in a multiple sources
configuration with two synthesizers and two external mixers (the
measured noise floor level is about —100dB and the dynamic range is
equal to 89dB) is used to mesure the amplitude and the phase of the
electric fields. In this study, we use two types of transmitting antennas:
a parabolic one (Hyptra NE5256) which operates in C-band (4-8 GHz)
and a horn antenna that operates in X-band (8-12 GHz). The receiving
antenna is a wide band ridged horn antenna (ARA DRG-118) with a
frequency range of 1 to 18 GHz.

To perform measurements of the scattered fields by the scale
models of the forest, we began by attaching the aluminum circular plate
that models the forest ground on the ceiling of the anechoic chamber by
metallic cables (see Figure 2). The plate is thus placed in a horizontal
plane and such as its center coincides with setup center. Besides, the
plate is surrounded by absorbing material to reduce edge effects.

3.1. The Geometric Configurations of Antennas

In our study, we consider two different geometric configurations of
antennas representing two special cases of bistatism. The first case is
an azimuthal bistatic configuration where the transmitting antenna is
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Metallic cables

(a) Azimuthal Bistatic Conguration (b) Zenithal Bistatic Conguration

Figure 3. Schematic of the measurement.

fixed on the vertical arch at the position corresponding to the incidence
angles (0; = 40°, ¢; = 0°). The receiving antenna is placed on an
arm such as the zenithal reception angle 8, = 40°. The arm can be
rotated in azimuth around the vertical (z-axis). For this configuration,
the electric fields are measured at 131 points describing a circular
path with a radius of 2m (movement of the arm) corresponding to
azimuthal reception angles, ¢, from 50° to 310° with an angular
step of 2°. The other azimuthal reception angles are not investigated
because of physical dimensions of the arch. The azimuthal bistatic
configuration is shown schematically in Figure 3(a). In the second case
which represents the zenithal bistatic configuration, the transmitter
is moved on the semi-circular arch in the xOz-plane (¢; = 0°) from
0; = 15° to 0; = 85° with an angular step of 1° (71 incidence positions).
In this case, the receiver is fixed on the arm with a zenithal reception
angle 0; = 40°, in the half-plane ¢ = 180°. Therefore, incidence
and reception planes are merged. The setup is shown schematically in
Figure 3(b). In this configuration, simulations are done considering
the reciprocity theorem (reversing source and receiver roles). The
equivalent configuration considers a transmitting antenna fixed on the
arm as #; = 40° and ¢; = 180° and a receiver moving on the arch
(¢ps = 0°) from 5 = 15° to O5 = 85° with an angular step of 1°.

3.2. Description of the Forest Scale Models

The forest scale models are made of an aluminium circular plate and
targets composed of vertical and/or tilted dielectric parallelepipeds.
The targets under study have been chosen to be representative of tree-
trunks and main branches at VHF frequencies. They have been glued
manually on a circular plate of diameter equal to 90cm. The plate
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was chosen so that all interactions between the target and the plate
are taken into account. The plate is maintained to the ceiling of the
anechoic chamber by using metallic cables in order to obtain a zenithal
reception angle 6, equal to 40°.

Table 1. Parameters in real and scaled cases.

Parameter Scaled case | Real case
Trunk’s height 7.5cm 3m
Trunk’s side length 0.75cm 30 cm
Branch’s height 2.5cm 1m
Branch’s side length 0.5cm 20cm
Permittivity 940.001 xj | 940.001 x j
Distance from plate
center to receipver 2m s0m
Frequency band 4-12 GHz 100-300 MHz
Frequency step 200 MHz 5 MHz

Table 1 shows the parameters of tree-trunks and branches as well
as the investigated frequency band for both real and scaled cases. In
this work, we investigate three targets as illustrated in Figure 4.

3 .

(a) Target 1 (b) Target 2 (C) Target 3

Figure 4. Targets configuration.

Target 1 is a single vertical scaled tree-trunk located at the center
of the plate and target 2 represents one scaled tree made of one vertical
trunk and 8 horizontally tilted branches. The branches are regularly
distributed in azimuth and are located at 4.75 and 6.75cm from the
plate. Finally, target 3 is composed of 4 vertical scaled tree-trunks.
The distance between each trunk and the plate center is equal to 2.5 cm.
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3.3. Measurement Steps and Calibration Procedure

In order to determine the field scattered by each target, we have
performed two measurements: first, a measurement of the total field
(the field in the presence of the targets on the circular plate) and second
a measurement of the reference field (the field measured without any
target on the circular plate). The reference field is then coherently
subtracted from the total field to obtain the scattered field. It is
important to underline that during positioning of the targets, the
plate can be involuntarily slightly tilted. Hence, we have chosen to
measure the total field before the reference field in order to minimise
measurement errors due to the moving of the plate.

In addition, the reference and total field measurements are not
performed at the same time and they require up to several hours.
During this time, drift phenomenons due to time as temperature
are occurring. The drift correction presented in [22] was applied to
scattered electric field to increase the measurement accuracy.

To reference the module and phase of the experimental scattered
field, a calibration using a reference target was applied [23]. The
theoretical scattered field of the reference target must be accurately
known. Several canonical shapes, including metal disks and
rectangular plates, have scattered fields known with a high degree of
accuracy in the specular direction [3]. We have chosen a dielectric
cube of dimensions equal to 40 x 40 x 40 mm? and relative permittivity
2.35 which is positioned at the center of the plate. This calibration
procedure provides a complex coefficient for each frequency, Cy, to
minimize the difference between the theoretical and experimental
scattered fields of the dielectric cube. In our case, this coefficient
normalizes the amplitude of the incident field to the unity (1V/m)
and its phase to zero at the center of the plate. This procedure is
essential to compare qualitatively measurement results with those of
the simulation.

We have chosen the azimuthal bistatic configuration and the
H H-polarisation to compute the calibration coefficient by using the
following formula:

. ng)s E:im COIlj (Efneas)

= (9)
Z¢s E?neas ‘ ?
where conj(ES

taeas) 18 the conjugate of the measured scattered field by
the cube, Ef .., and ES;  is the theoretical scattered field by the cube.
Finally, we multiply the calibration coefficient by the measured

scattered fields of the proposed targets to obtain the calibrated data.

Cy
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4. THEORETICAL AND EXPERIMENTAL RESULTS

This section is composed of two subsections. In the first subsection,
experimental and theoretical fields scattered by the targets, illustrated
in Figure 4, are presented and compared. Two important bistatic
geometric configurations with a special attention to the specular
direction are considered: an azimuthal and a =zenithal bistatic
configurations. Only V'V - and H H-polarized scattered fields have been
measured. The second subsection focuses on the contribution of the
scattering mechanisms to the full-polarized scattered field by target 3
for both azimuthal and zenithal bistatic configurations.

4.1. Numerical Simulations Compared with Experimental
Data

In Figure 5, the experimental and theoretical fields scattered by the
target 1 are plotted with respect to the azimuthal reception angle ¢s.

HH-Polarization, f = 4.2 GHz HH-Polarization, f = 4.2 GHz
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50 70 90 110130150170190210230250270290310 50 70 90 110130150170190210230250270290310
s [Deg] ¢ [Deg]
(a) Magnitude of scattered fields (b) Phase of scattered fields

Figure 5. Variation of experimental and theoretical scattered fields
by target 1 at f = 4.2 GHz with respect to azimuthal reception angle
¢s for H H-polarization.

The theoretical and experimental scattered fields are in good
agreement (magnitude and phase). The maximum of the theoretical
scattered field is obtained in the specular direction (6, = 6; =
40°, ¢s = 180°). Small oscillations probably due to saturation can be
observed near the specular scattering direction that are not present in
the computed results. These fluctuations appear in particular for lower
magnitude levels of the scattered field which are more sensitive to noise.
By analyzing the azimuthal geometric configuration and the target
symmetry, a symmetry of the field scattered by the target 1 about the
azimuthal reception angle ¢, = 180° is expected. This symmetry is not
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perfect for the experimental scattered field, in particular for the lower
magnitude levels which are more sensitive to noise. The dissymmetry
can be due to many factors as target position error, target orientation
error, receiver position error, plate misalignment.

In Figure 6, we present the magnitude of theoretical and
experimental fields scattered by the target 1 versus the zenithal
reception angle 65 for VV-polarization at f = 8.8GHz and HH-
polarization at f = 5.2 GHz.

VV-Polarization, f = 8.8 GHz

Magnitude [dB]

05 [Deg] 05 [Deg]
(a) f=5.2 GHz, HH-polarization (b) f=8.8 GHz, VV-polarization

Figure 6. Magnitude of experimental and theoretical scattered fields
by target 1 with respect to zenithal reception angle 6.

In this case of zenithal geometric configuration, a good agreement
between simulations and measurements is obtained for both the VV-
and H H-polarizations. Simulated results indicate that highest levels
are collected in the specular direction (65 = 6; = 40°, ¢, = 180°). We
can also observe angular shifts between theoretical and experimental
plots for VV- and H H-polarizations.

We turn now to study the bistatic scattering by a more complicate
target representing one scaled tree composed of one vertical tree-trunk
and eight horizontally tilted branches. We are interested here in
the azimuthal geometric configuration. Thus, we show in Figure 7
the magnitude as well as the phase of HH-polarized theoretical and
experimental scattered fields by target 2 at f = 9.8 GHz versus the
azimuthal reception angle ¢;.

On most observation points, Figure 7 shows that we obtained a
good agreement between theoretical and experimental H H-polarized
scattered fields. However, a difference in the magnitude of scattered
fields is observed in the angular regions from 110° to 130° and from 230°
to 250°. In fact, given the complexity of target 2, additional errors,
due to the imperfections of the target, can disrupt the measurement.
This may introduce the asymmetry on the experimental scattered field
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2 HH-Polarization, f = 9.8 GHz HH-Polarization, f = 9.8 GHz
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(a) Magnitude of scattered fields (b) Phase of scattered fields

Figure 7. Variation of experimental and theoretical H H-polarized
scattered fields by target 2 at f = 9.8 GHz with respect to azimuthal
reception angle ¢;.

HH-Polarization, f = 4.2 GHz HH-Polarization, f = 4.2 GHz
-30 T T T T T T T T T R T AT T T T T T T T T
3B -t-1-1-n SRR 150”1’%”1ﬁ’l”l”l”l”l”’l’? T
a1y
o LI e T IR Y P 1
= . e R L S R R Il |l A
S 0 S ol il L [ eswmen
2 .55 i H R o Ot T T T T T T | simuation
S -60 S eI B R R R
< [T T R R B o IR I R T T B 1
=% I 1 R E TR TSR 1
[y o) T A S P [ I T R N R R R B R
I I I I I I I I I I I I N T LT e I I L T T T T
R R T |
50 70 90 110130150170190210230250270290310 50 70 90 110130150170190210230250270290310
s [Deg] s [Deg]
(a) Magnitude of scattered fields (b) Phase of scattered fields

Figure 8. Variation of experimental and theoretical H H-polarized
scattered fields by target 3 at f = 4.2 GHz with respect to azimuthal
reception angle ¢;.

magnitude observed in Figure 7(a). The lower levels of the scattered
fields being once more th most difficult to measure precisely.

Let’s move now on to evaluate the bistatic scattering by the last
target (target 3), including four vertical scaled tree-trunks.

We firstly show, in Figure 8, the variation of the H H-polarized
experimental and theoretical scattered fields by target 3 at f =
4.2 GHz versus azimuthal reception angle ¢;. This figure indicates
that the experimental data are in very good agreement with the
simulated results. The maxima of H H-polarized theoretical and
experimental scattered field are observed in the specular direction
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(0s = 6; = 40°, ¢s = 180°). Furthermore, we can see that,
conversely to theoretical scattered fields, experimental scattered fields
are asymmetric about the incidence plane.

After that, we compare experimental and theoretical HH-
polarized scattered fields by the same target at f = 4.4 GHz with
respect to zenithal reception angle 4 (see Figure 9).

o5 HH-Polarization, f = 4.4 GHz HH-Polarization, f = 4.4 GHz
Ll o
oot LASNE Seose Sonse ense boset sl ot |
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(a) Magnitude of scattered fields (b) Phase of scattered fields

Figure 9. Variation of experimental and theoretical scattered fields
by target 3 at f = 4.4 GHz with respect to zenithal reception angle 6,
for HH polarization.

For this target, we also obtain a good concordance between
simulation and measurement. As it is seen in Figure 9(a), the maxima
of the scattered fields are obtained in the specular direction (65 = 40°).

4.2. Analysis of the Contributions of Bistatic Scattering
Mechanisms

In this subsection, we use the model introduced in Section 2 to evaluate
the contribution of the scattering mechanisms to the scattered fields
by target 3 at f = 4.2 GHz. We consider both azimuthal and zenithal
geometric configurations. In the case of the azimuthal geometric
configuration, results are plotted for both co- and cross-polarizations.

In contrast, for the zenithal geometric configuration, only co-
polarizations results are represented, as cross-polarizations are null
due to symmetry reasons. For this configuration, the incidence and
the reception planes are the same representing a symmetry plane for
the target 3. In Figure 10, we show the contribution of the scattering
mechanisms to the fields scattered by target 3 for both co- and cross-
polarizations. Figures 10(a) and 10(b) show that the Db is the most
important scattering mechanism that contributes to the co-polarized
scattered field for all azimuthal reception angles ¢s. Moreover, the
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Figure 10. Contribution of the scattering mechanisms to the scattered
field by target 3 versus the zenithal reception angle ¢.

contribution of other scattering mechanisms is low. It is important
to note that, at specular direction, the V' V-polarized scattered field
level is greater than H H-polarized scattered field level. This can be
explained by the vertical orientation of the scaled tree-trunks.

Figures 10(c) and 10(d), show that HV- and V H-polarized
scattered fields are null in the specular direction (at ¢s = 180°).
In this direction, the incidence and the reception planes are merged
and represent a target symmetry plane. We can also see that the
cross-polarized scattered fields are mainly due to the Db scattering
mechanism. Furthermore, these figures indicate that the behavior of
Sb and Tb scattering mechanisms is not the same for HV- and V H-
polarizations. The contribution of the Tb scattering mechanism is
negligible with respect to Db scattering mechanism. We note that
the cross-polarization returns are not due to target geometry but to
changes of the reception plane (bistatism).

With regard to the zenithal geometric configuration, Figure 11



16 Bellez et al.

HH-Polarization, f = 4.2 GHz
T T 1
U

Magnitude [dB]
Magnitude [dB]

——Sb Satt. Mech.
——Db scat. Mech.
——Tb satt. Mech.
—— Sattered Field

| o
15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 15 20 25 30

[
o

~ L e
a — -
i
o

©

@

|
5 40 45 50 55 60 65

(X

05 [Deg] 05 [Deg]
(a) (b)

Figure 11. Contribution of the scattering mechanisms to the scattered
field by target 3 versus the zenithal reception angle 6.

shows the contribution of the scattering mechanisms to the scattered
fields by target 3 for both VV- and H H-polarizations versus the
zenithal reception angle 5. As it can be seen, the Db is the dominant
scattering mechanism for a wide range of zenithal reception angles 6,
except for when 05 € [72°-77°] (H H-polarization) and 6, € [69°-76°]
(VV-polarization).

5. CONCLUSION

In this paper, a rigorous bistatic scattering model simulating the
interaction of VHF and low-UHF electromagnetic waves with a
simplified forest geometry is presented. It is based on an electric field
integral equation formulation solved by using a Method of Moments.
The model provides in addition to the scattered field, the contributions
of the various scattering mechanisms at any observation point above
the ground.

Using the anechoic chamber of CCRM, we have performed a set of
scaled-model measurements in order to predict the bistatic scattering
by forested areas at VHF frequencies. The forest scale models are
made of an aluminum circular plate and targets composed of vertical
and/or tilted dielectric parallelepipeds representing respectively the
tree-trunks and the primary branches. Three targets with different
degrees of complexity are studied. Both azimuthal and zenithal
geometric configurations are employed to measure the co-polarized
scattered fields.

Measurement data have been presented and confronted with nu-
merical simulations. The obtained results are extremely encouraging.
We have seen that theoretical and experimental scattered fields are in
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good agreement for both the magnitude and phase. The analysis of
the results allow us to conclude on problems related generally to the
experiment that we are rather confident to be able to solve in the near
feature. These problems are generally associated with the misalign-
ment, positioning of targets and the circular plate instability. Mea-
surement results allowed us to validate our theoretical model for both
VV- and H H-polarizations. The obtained results can be used as a
starting point for devising procedures for retrieval of forest parameters
and interpreting bistatic SAR images.

We have also analyzed the contribution of the scattering
mechanisms to the full-polarized scattered field. To summarize the
findings of this study, we have seen that the contribution of the Db
scattering mechanism is important compared to the other scattering
mechanisms for both the co- and cross-polarizations.

Finally, as a guideline for future work, it is important to measure
co- and cross-polarized scattered fields using over more complicated
targets.
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