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Sensitivity Analysis of Multiple Scattering Theory
Applied to Tree Canopies at Microwave Frequencies

Milan Kvicera, Jonathan Israel, Fernando Perez-Fontan, and Pavel Pechac

Abstract—A sensitivity analysis of the multiple scattering theory
applied to propagation in tree canopies is presented. This anal-
ysis aims at addressing the influence of input parameters on the
canopy’s equivalent scattering amplitude as well as the overall co-
herent and incoherent scattered fields. The main input parame-
ters of interest were identified as frequency, number densities and
dielectric parameters of branches and leaves, polarization, and a
canopy shape. A number of graphical results are provided enabling
to identify the key parameters of corresponding radio-wave prop-
agation models based on the multiple scattering theory.

Index Terms—Multiple scattering theory, radio-wave propaga-
tion, scattering, vegetation.

I. INTRODUCTION

T HE MULTIPLE scattering theory (MST), as developed
in [1]–[3], allows us to obtain the coherent and inco-

herent fields scattered by an ensemble of randomly oriented
and positioned particles where their density is low and their
sizes are smaller than their separations [4]. Alongside the
radiative transfer theory [4], in the last few decades, it has been
extensively used in the area of remote sensing, e.g., [5] for the
case of scattering from a layer of vegetation.

In [6]–[8], the scattering characteristics for a thin dielectric
cylinder representing a tree branch and a flat cylinder (disc) rep-
resenting a leaf have been introduced. The scattering amplitude
tensors of these individual tree canopy elements can then be uti-
lized to obtain the equivalent scattering amplitude, to be intro-
duced shortly, of the whole canopy.

It should be noted that the area of application for remote
sensing lies mainly in the monostatic scattering case [5]. How-
ever, MST is not restricted to this case and enables arbitrary
bistatic configurations, which is the case of communication and
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navigation scenarios in the presence of vegetation. In fact, the
current version of ITU-R Rec. P.833 [9] dealing with propaga-
tion in the presence of vegetation has incorporated MST.

The applicability of MST to such scenarios has been validated
in [6]–[14]. However, although several simplifying assumptions
can be made as in [10] and [13], the underlying calculations de-
pending on a number of input parameters are still very complex.
As a consequence, it is not possible to address the dependence
of the obtained results on the input parameters analytically in
a straightforward way and, rather, a numerical approach should
be applied. Although such analysis has not been published so
far, it is crucial for addressing the validity range of the propa-
gation models based on MST, such as [9] or [12]. It should be
noted that performing such an analysis is very demanding from
a computation-time point of view and, thus, could be of interest
to a reader wanting to implement such models.

II. MULTIPLE SCATTERING THEORY

Based on [6]–[8] and [10], we provide here the main set of
equations utilized in MST. We consider a plane wave
with amplitude and polarization incident in the direction
on a tree canopy (Fig. 1)

(1)

where is the free-space wavenumber. The coherent field at
point inside the canopy is given by

(2)

where is the effective propagation constant and is the
distance through the canopy to a point along direction . Note
that is in general complex and is equal to

(3)

where represents the canopy’s equivalent scattering
amplitude per unit volume in the scattering direction . The
canopy’s specific attenuation, in dB/m, is then [10]

(4)
The field scattered from points inside the canopy to a
point outside the canopy can be written in terms of its coherent
part as

(5)

and incoherent part as

(6)
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Fig. 1. Tree canopy scattering configuration.

TABLE I
SIZE OF BRANCHES AND LEAVES

where denotes the statistical average and is an oper-
ator given by

(7)

with being the distance through the canopy from a
point to the point along the scattering direction . The
coherent part is a complex electric field while the incoherent
part represents a power (with no phase information).

The canopy is assumed to consist of various branch types
of different sizes (divided into five categories in [9] and [10];
see Table I) and leaves with relative complex permittivity of

and , respectively. The orientations
of the various types of branches and of the leaves are random
and can be described by means of two rotation angles in az-
imuth and elevation, and , with respect to the tree reference
coordinate frame as in [6]–[10]. Following [10], we have as-
sumed a uniform distribution, , for each single branch

or leaf . The possible range of orientation angles for the larger
branches tends to be limited and centered about the vertical di-
rection, while the smaller ones and the leaves tend to be uni-
formly distributed over all spatial angles.

The mean scattering amplitude is

(8)

with being the scattering amplitude tensor for the
branches or leaves [6]–[8]. The various types of branches
and leaves are also characterized by their respective number
densities . For the overall canopy, we can write

(9)

For a single branch or leaf, the mean scattering cross section can
then be written as

(10)

and the equivalent scattering cross section per unit volume as

(11)

In Section III, we will refer to a tree configuration studied in [10]
with the same branch and leaf sizes and number densities. We
may also note that following [6]–[8], the branches need to have
lengths sufficiently greater than their radii, and the thickness of
the leaves needs to be electrically thin.

III. SENSITIVITY ANALYSIS

From the various input parameters and their unlimited pos-
sible combinations, we have selected a representative set that
enables us to provide a thorough sensitivity analysis of the be-
havior of MST. As mentioned above, we consider a scenario
similar to the one studied in [10], i.e., a vertically polarized
plane wave is incident in the -direction on the canopy, and
the scattering characteristics are investigated in the horizontal

-plane for scattering angles from 0 to 180 at the dis-
tance of 50 m from the canopy center. In the analysis, (8) and
(10) were evaluated by means of Monte Carlo integration. We
should also note that, following [6]–[8] and [10], an infinite sum
of Bessel and Hankel functions shall be utilized to obtain the
scattering amplitude tensor of a single branch while [9] suggests
that a maximum order of 20 is sufficient. However, even higher
orders such as 50 may be required at frequencies above 10 GHz,
despite the resulting increase in computation time.

A. Frequency

Keeping the dielectric parameters fixed and scanning in fre-
quency, we obtain higher scattering amplitudes as the frequency
increases for each individual canopy element. This increase
is very significant, and we observe that MST calculations are
strongly frequency-dependent; see for example Fig. 2, which
compares the scattering amplitudes for branches of category
one and leaves at 5 and 10 GHz together with the resulting
overall equivalent scattering amplitudes .

B. Dielectric Parameters

We studied the impact of the relative permittivity and
conductivity as well. It was found that at frequencies below
10 GHz, a precise characterization is not too significant; an
increase/decrease of and of individual branches and
leaves by 25% from their original values (
and , and ,

and , and
) did not significantly influence . In Fig. 3,

this is shown at 2 GHz for the case of the increase only as
the other cases had the same negligible impact.

However, at higher frequencies, the change of influences
mainly the scattering amplitude of leaves, while the change in

influences the resulting specific attenuation of the canopy.
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Fig. 2. Scattering amplitudes for branches of category one and leaves at the
frequencies of 5 and 10 GHz together with the resulting equivalent scattering
amplitude.

Fig. 3. Equivalent scattering amplitude per unit volume of the canopy at 2 GHz
considering a 25% increase of for branches and leaves and a 25% decrease
and increase of their number densities.

C. Number Densities

Number densities of branches and leaves are given in
Table I [9], [10] up to a precision of three decimals. However,
these values will actually vary from tree to tree, even if they
belong to the same class. As the number densities influence

in (9), they have a direct and significant impact on
the overall coherent and incoherent fields calculated according
to (5) and (6), regardless of the frequency. Fig. 3 shows

for the case where all the number densities were
decreased/increased by 25%. It should also be noted that at
frequencies above 2 GHz, the scattering amplitude tensor of
leaves increases and starts to play a major role in due
to their corresponding high number density.

D. Canopy Volume Integration

Unlike in [10], the volume integration in (5) and (6) can be
performed numerically, thus avoiding simplifications. Consid-
ering the coherent field calculations, the incremental volume

used in (5) and (6) needs to be sufficiently small to pro-
vide reliable phase information. Thus, was set to be a cube
of side , which, for large canopies and high frequencies,
results in unwieldy computational demands. However, it was
noticed that by increasing this side up to its limit, where
the undersampling effects occur, the phase information in the
forward scatter direction is still preserved and inaccuracy ap-
pears only towards the backscatter direction, as shown in Fig. 4.
This allowed us to shorten the computation period by using
of side at 2 GHz and at frequencies above 10 GHz.

Fig. 4. Coherent and incoherent scattered fields at the frequency of 2 GHz for
three different types of a tree canopy: cylindrical (radius of 5 m, height 8 m),
spherical (radius of 5 m), and ellipsoidal ( and semi-axes of 5 m, semi-axis
of 4 m). The effect of undersampling is shown by the dash-dottted line.

In this way, we were still able to well represent the coherent
fields w.r.t. shadowing effects behind a tree canopy described in
Section III-G. In contrast, it should be noted that the incoherent
intensity calculations were not significantly influenced by uti-
lizing the coarser canopy segmentations as they do not include
the phase information.

E. Canopy Shape

References [9] and [10] suggest a cylindrical canopy. Other,
more realistic shapes for some types of trees, closer for example
to a sphere or an ellipsoid, can be considered.

We compared canopies approximately similar to a cylindrical
one of radius 5 m and height 8 m. The comparison included a
spherical canopy with radius of 5 m and an ellipsoid with and

semi-axes of 5 m and semi-axis of 4 m. It is obvious from
Fig. 4 that the differences in the resulting fields are not very
significant at 2 GHz. A similar situation was also observed at a
higher frequency, 10 GHz.

In addition, no noticeable change was observed when the
canopy dimensions were increased by 10%, suggesting that such
precision does not play a key role.

However, it should be noted that the shadowing effects behind
a tree canopy addressed in Section III-G must correspond to
the canopy shape. Therefore, considering for example scenarios
with inclined and directions, the canopy shape may be of
greater importance than in the scenario studied in this letter.

F. Polarization

So far, only vertical polarization has been assumed. However,
[6]–[8] provide equations for the horizontal polarization case
as well. The corresponding mean scattering cross sections for
the branches of categories one and four and leaves at 2 GHz
are compared in Fig. 5 for vertical and horizontal polarizations
together with the resulting .

We can observe that the general levels for all branch types
and the leaves remain similar when the polarization is switched,
especially in the forward scatter direction.

Furthermore, the specific attenuation determined from the
imaginary part of by (4) was slightly lower (0.81 dB/m) than
for the vertical polarization case (0.97 dB/m).
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Fig. 5. Mean scattering cross sections for the leaves and branches of cate-
gories one and four at the frequency of 2 GHz for the horizontal and vertical
polarizations.

Fig. 6. Shadowing behind the canopy caused by the coherently scattered field
at the frequencies of 2 and 10 GHz for the three different canopy shapes with
dimensions as in Fig. 4.

G. Shadowing Effects

When added to the direct field, the coherent scattered field
provides a diffraction pattern in the shadow region behind the
canopy [15]. For this case, the shape of the canopy may be
of importance as, in general, mainly the contributions above
and below the canopy are different for spherical or cylindrical
shapes. Fig. 6 shows the differences obtained at 2 and 10 GHz
for cylindrical, spherical, and ellipsoidal canopies with the
same dimensions as in Section III-E. Here, we can observe an
overall similar trend with slightly different diffraction patterns
depending on the canopy shape. The absolute values correspond
to the obtained specific attenuation ( dB/m,

dB/m) multiplied by the propagation distance
through the canopy, which is about 10 m. The geometric
shadow region behind the canopy is about 6 wide, which is in
good agreement with the pattern in Fig. 6.

IV. SUMMARY

The results enabling to address the validity of corresponding
propagation models based on the multiple scattering theory
were presented. We have shown that apart from polarization,
there are two other main input parameters of interest: frequency
and number densities of branches and leaves. Although the
frequency dependence can be considered to be self-explanatory,
the direct influence of the number densities, often required to
a precision of up to three decimals, may not be that evident.
However, it was this parameter that determined the dominant
role of the leaves throughout the presented analysis. Although
one selected scenario was studied, the findings have a general
applicability as they are based on the principal MST equations.
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