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Rigorous Modeling of Ultrawideband VHF Scattering
From Tree Trunks Over Flat and Sloped Terrain

Jiangqi He, Norbert Geng, Member, IEEE, Lam Nguyen, and Lawrence Carin, Fellow, IEEE

Abstract—Three electromagnetic models are employed for the
investigation of ultrawideband VHF scattering from tree trunks
situated over flat and sloped terrain. Two of the models are numer-
ical, each employing a frequency-domain integral-equation formu-
lation solved via the method of moments (MoM). A body-of-revo-
lution (BoR) MoM formulation is applied for a tree trunk on a flat
terrain, implying that the BoR axis is perpendicular to the layers
of an arbitrary layered-earth model. For the case of sloped terrain,
the BoR model is inapplicable, and therefore the MoM solution
is performed via general triangular-patch basis functions. Both
MoM models are very accurate but are computationally expensive.
Consequently, we also consider a third model, employing approx-
imations based on the closed-form solution for scattering from an
infinite dielectric cylinder in free space. The third model is highly
efficient computationally and, despite the significant approxima-
tions, often yields accurate results relative to data computed via
the reference MoM solutions. Data from the three models are con-
sidered, and several examples of application to remote sensing are
addressed.

I. INTRODUCTION

SCATTERING from tree trunks plays an important role
in many remote sensing applications. For example, in

foliage-penetrating (FOPEN) radar, scattering from tree trunks
constitutes the principal source of clutter [1]. FOPEN radar
systems typically operate at VHF and low-UHF frequencies,
for which foliage penetration is reasonably effective. Conse-
quently the canopy-induced clutter [2] is typically much weaker
than the clutter signatures induced by dihedral scattering at
tree trunks. In particular, several proximate tree trunks can
yield composite radar signatures that are very similar to those
produced by man-made targets. Before addressing scattering
from multiple tree trunks, we must first fully understand the
scattered fields induced by a single tree trunk, as a function of
terrain topography, this constituting the subject of the present
paper.

The scattering of electromagnetic waves via finite-height tree
trunks is investigated through development of a method-of-mo-
ment (MoM) model for dielectric targets in the presence of a lay-
ered medium. Two distinct MoM formulations are considered.
In particular, it is often appropriate to model the tree trunk as a
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lossy, dielectric body of revolution (BoR), with BoR axis per-
pendicular to the planar surfaces in the layered medium. Such
a MoM model is often termed a 2.5-dimensional (2.5-D) so-
lution, since the basis functions exist along a two-dimensional
(2-D) generating arc, with the third dimension accounted for ef-
ficiently via cylindrical Fourier harmonics [3]. Consequently,
the BoR model is typically computationally much more efficient
than a general MoM solution, for which the induced electric and
magnetic surface currents on the dielectric surface are expanded
in terms of general triangular-patch basis functions [4]. The BoR
tree-trunk model is applicable to a general generating arc, and
therefore it can be used to investigate the effects of tree curvature
on the scattered fields,vis-à-visa simpler model that assumes
the tree trunk is a constant-radius cylinder [5].

Despite the attractiveness of the BoR model, it is limited to
the case of a flat terrain, i.e., the tree-trunk axis must be per-
pendicular to the air–ground interface. For the case of a sloped
terrain, the BoR model is inappropriate. Consequently, we have
developed a separate MoM algorithm, applicable to general di-
electric targets embedded in an arbitrary multilayered environ-
ment. This MoM model employs the general Rao, Wilton, and
Glisson [4] triangular-patch basis functions, and allows the con-
sideration of sloped terrain as well as general tree-trunk shapes.

The two MoM models discussed above are quite powerful for
gaining insight into the phenomenology associated with VHF
and low-UHF scattering from tree trunks over soil. However, as
the target size grows relative to wavelength, they require pro-
hibitive computer memory as well as computation time. Con-
sequently, where possible, it is desirable to use the rigorous
MoM models as reference solutions for alternative, approximate
models that are computationally efficient. In this context we
consider the following approximate model. If we assume that
the tree trunk is composed of a constant radius, the electric and
magnetic currents on the tree-trunk surface can be approximated
by considering scattering from an infinite cylinder in free space,
while assuming two incident fields: (1) the direct plane wave,
as in free space, plus (2) the contribution due to plane-wave re-
flection induced by the soil (ground bounce). Moreover, when
computing the scattered fields, we must also account for the
ground-bounce-induced fields, in a manner similar to that em-
ployed for the incident fields. The above model assumes that
the surface currents are weakly affected by diffraction induced
at the ends of the finite-height tree trunk. Lin and Sarabandi [5]
considered a similar model, in which they also accounted for
the effects of the tree bark. However, the focus of [5] was on
microwave scattering, for which the tree bark is often impor-
tant. Here we are primarily interested in FOPEN radar, and at
the VHF and low-UHF frequencies associated with such, the
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tree bark is expected to be of secondary consideration. We note
that in [5], the authors did not have access to a numerically rig-
orous model such as the MoM, and therefore, the accuracy of
the aforementioned approximate model could not be confirmed.
Our reference MoM solution allows us to perform such a cali-
bration.

The scattering of electromagnetic waves from trees has been
investigated by several authors using numerous techniques
[6]–[11]. In addition to the aforementioned infinite-cylinder
model [5], authors have examined the use of volumetric
electric-field integral equations, solved via an electric-dipole
model [9]. This algorithm is applicable to tree models far more
realistic [9] than a simple finite-length cylinder. In [9], the
free-space Green’s function was employed with appropriate
reflection coefficients appended to account for soil interactions.
Authors have also considered scattering from multiple trees
[6], [8], employing, for example, an iterative procedure to
account for intertree electromagnetic interaction [6]. In [6],
the fields within a given tree (finite-length dielectric cylinder)
are computed via an infinite-cylinder model, however the
scattered fields from the cylinders are computed using the
dyadic half-space Green’s function. In the work employed
here, in the context of our MoM solutions, we employ a
surface-integral-equation formulation, and the currents on the
target surface are computed rigorously through explicit use of
the half-space Green’s function (the scattered fields are also
computed via the half-space Green’s function).

The remainder of the paper is organized as follows. The de-
tails of the two MoM models employed here have been eluci-
dated elsewhere [3], [12], and therefore in Section II, we pro-
vide a brief overview of these techniques. Their application to
computing the tree-trunk radar cross section (RCS) is provided
in some detail, such that it is understood how we account for
diffractive effects induced at the top of the (modeled) tree trunk.
Finally, we also briefly summarize the approximate model, the
details of which are found in [5]. In Section III, a large set of
results are presented, in which we examine tree-trunk scattering
from several perspectives. In particular, we compare the relative
accuracy of the approximate and two MoM solutions, for flat
and sloped terrain. Several phenomenological examples are ad-
dressed, including the aspect-dependent synthetic aperture radar
(SAR) signature of a tree trunk on a sloped terrain.

II. THEORETICAL FORMULATION

A. Method-of-Moments (MoM) Analyses

We have developed MoM models applicable to a dielectric
body of revolution (BoR) embedded in an arbitrary layered
medium, as well as for a general dielectric target also embedded
in an arbitrary layered medium [3], [12]. For the former, along
the target-generating arc, we employ the subsectional basis
functions discussed in [3], while for the latter, we employ
the general triangular-patch basis functions introduced in [4].
MoM scattering models for BoR and general dielectric targets
have been available for over a decade for the case of the target
residing in free space [13]. To consider scattering from such a
target embedded in an arbitrary layered medium, the problem

Fig. 1. Schematic of a lossy dielectric cylinder (model tree trunk) on a sloped
terrain. Four scattering mechanisms, discussed in the text, are identified.

is complicated significantly by the need to compute the lay-
ered-medium dyadic Green’s function [14]. As is well known,
in general, each component of the dyadic Green’s function
cannot be represented in closed form, but must be expressed
in terms of a generally highly oscillatory Sommerfeld integral
[14], [15]. The efficient evaluation of such integrals has been
the principal bottleneck to generalizing the free-space models
in [13] to the case of general layered media.

Recently the method of complex images has been developed,
in which a fit is performed to the spectral Green’s function,
along a salutary path in the complex spectral space. The fit is
performed using a sum of exponentials, each with a complex
argument [3], [16], [17]. The attractiveness of this approach is
that, once the sum of exponentials is fit to the spectral Green’s
function, a closed-form inversion exists for the Sommerfeld in-
tegral associated with each exponential, cumulatively yielding
the space-domain Green’s function. Here we use a Prony [18]
fitting procedure, although any of a number of such techniques
are available [19]. The complex-image technique is most effec-
tive when the target lies entirely within a single layer, since in
this case all source and observation points are also within the
same layer. Under this circumstance the spectral fit is performed
once, for each dyadic component, for all source and observa-
tion points, significantly accelerating computational efficiency.
For scattering from tree trunks, the dielectric scatterer is en-
tirely above the soil (we ignore the root system) and therefore
the complex-image technique offers an attractive means of im-
plementing both of the aforementioned MoM models. The in-
terested reader is referred to [3], [16], [17] for more details on
the complex-image technique.

B. Scattering Mechanisms

As indicated, the details of the MoM formulations can be
found elsewhere [3], [12] and therefore, here we focus on is-
sues of particular interest to tree-trunk scattering. In particular,
consider plane-wave scattering from a finite-length tree trunk
over soil, as shown in Fig. 1. There are four principal scattering
mechanisms: i) a dihedral response due to the tree-soil inter-
action; ii) direct diffraction from the top of the tree trunk; iii)
diffraction from the top of the tree trunk followed by a ground
bounce; and iv) diffraction from the bottom of the tree trunk (at
the air-ground interface). In addition to these scattering mecha-
nisms, there are multiple interactions between the four, as well
as other higher order effects. Scattering mechanisms (ii)-(iv) are
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always present in the far-zonebackscatteredfields, while i) is
present when the tree trunk is normal to the air-ground interface
(e.g., flat terrain) and for special incident angles [5] when the
terrain is sloped.

It is important to emphasize that, for a real tree with a branch
and leaf structure, the diffraction mechanisms from the “top”
of the tree will be different than those in Fig. 1. However, if
there is a backscattered dihedral effect observed at the sensor
(flat terrain), it is typically much stronger than leaf and branch
scattering at VHF frequencies, and therefore mechanism i)
dominates. To explore this backscattered effect in detail, when
it exists, we perform the following procedure. Considering
Fig. 1, scattering mechanism ii) is observed earliest in time,
for transient excitation of sufficient resolution (wide enough
bandwidth). To investigate the radar cross section (RCS) of
mechanism i), we window out in time the contribution from
ii), leaving principally the time domain response of i), iii), and
iv). Mechanisms iii) and iv) can be viewed as components of
i), when the latter is observed in backscatter, with the sum
of the two generally being much weaker than mechanism i),
which typically occurs during an overlapping time window.
After windowing out ii), the transient scattered waveform is
converted back to the frequency domain, the incident-pulse
spectrum removed (deconvolved), yielding an approximation
for the RCS of i). As elucidated above, this model will well
represent the backscattered dihedral response at VHF frequen-
cies, when it exists, despite the fact that the leaf and branch
structure are ignored.

For the case of sloped terrain, scattering mechanism i) is gen-
erally not observed in backscatter, leaving mechanisms ii)–iv).
Like the dihedral effect i), scattering mechanism iv) is gener-
ally weakly affected by the leaf and branch structure. However,
mechanisms ii) and iii) are driven primarily by diffraction at
the “top” of the tree trunk, this ignoring effects of the leaves
and branches. As mechanisms ii)–iv) will generally drive the
backscattered signature for the case of sloped terrain, it is im-
portant to emphasize that the aforementioned approximations
must be confirmed via VHF measurements, this constituting an
important area of future research. We note as well that the MoM
model with triangular-patch basis functions, discussed above,
can in principle be used to model the tree branch structure, with
the leaves generally being of secondary importance at VHF fre-
quencies. This too is an area of future work.

C. Data Format

Below we present both frequency- and time-domain results,
with the former presented as RCS. For examples in which the
terrain is flat (tree trunk normal to the air-ground interface), the
RCS is principally characterized by the dihedral scattering rep-
resented by i) in Fig. 1, where we have windowed out the ef-
fects of ii) as discussed above. For sloped terrain, mechanism i)
is typically not present in backscatter, and therefore the RCS in
this case is representative of mechanisms ii)-iv), plus associated
higher-order effects. All scattering mechanisms are retained in
the time-domain results, such that the associated phenomena are
observed. The far-zone time-domain backscattered results are

normalized as follows. The frequency-domain, far-zone polari-
metric scattering matrix can be expressed as

(1)

where is the wavenumber of the top region (usually air), and
is the nominal far-zone distance from the target to the observer.
Thenormalizedtime-domain results are defined as

(2)

where and represent the frequency dependence of the
(vertical) and (horizontal) polarized incident-field compo-

nents.

D. Series Approximation

The MoM yields a rigorous solution for the electric and mag-
netic surface currents induced on the target surface, from which
the scattered fields can be computed. If the tree trunk is as-
sumed to be a constant-radius dielectric target, with possibly
multiple concentric layers, one can employ the exact solution
for free-space scattering from an infinite dielectric cylinder [5].
The tangential electric and magnetic fields on this infinite target
can be used to approximate the electric and magnetic surface
currents on a finite-length dielectric cylinder. Moreover, the so-
lution must be modified slightly to account for ground-bounce
scattering [5]. For comparison, we consider such an approxi-
mate model, for a lossy dielectric cylinder over a flat and sloped
half space. Here we assume the cylinder is homogeneous, al-
though it is straightforward to extend the model to account for
tree layering [5].

III. EXAMPLE RESULTS

A. Comparison Between Two MoM Models

As discussed in Section II, two MoM formulations have
been implemented, one assuming that the dielectric target is
a body of revolution (BoR) and the other employing general
triangular-patch basis functions [4], the latter applicable to
general dielectric targets. We begin by comparing the results
computed by these two models, for the special case of a BoR
tree trunk, and therefore we assume flat terrain. Moreover,
although the MoM models are applicable to general layered
media, here and throughout the paper we assume the soil is a
lossy, dispersive half space. We perform the comparisons in
the time domain, assuming time-domain plane-wave excitation
with the incident pulse in Fig. 2. This waveform encompasses
the VHFand low-UHF frequency bands. The upper frequency
considered is dictated by the memory and computation-time
(CPU) requirements of the MoM models. In particular, the
size of the subsectional basis functions must be small relative
to the wavelength in the tree trunk [3], [13], and therefore the
number of basis functions grows precipitously as the target
size increases relative to wavelength i.e., as the frequency
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Fig. 2. Incident pulse and associated spectrum, used for the time-domain
scattering examples.

increases). For a traditional MoM analysis, the memory re-
quirements are order and the CPU requirements are order

, for a direct solution of the MoM matrix equation (the CPU
is order for a conjugate-gradient solver, whereis the
number of conjugate-gradient iterations). We note that the BoR
model is typically more efficient from both a memory and CPU
perspective than the triangular-patch model, since the basis
functions for the former only exist along a 2-D generating arc
[3]. However, the number of azimuthal modes [3] required of
the BoR model increases with target electrical size, i.e., with
increasing frequency), and therefore the BoR model is as well
limited in the target size that can be considered.

In Fig. 3, we compare the time-domain scattered fields
computed via the two models, considering tree trunks of 30
cm diameter and heights of 3, 4, and 5 m, for an incidence
angle of 50 relative to the normal (40relative to grazing).
The tree trunk is characterized by the complex permittivity

with conductivity S/m,
where is the free-space permittivity. The soil is representative
ofYumasoilwith10%watercontent (see [20]).The and
scattered fields are presented in Fig. 3(a) and 3(b), respectively.
For this BoR target, the cross-polarizedbackscatteredfields are
zero [21]. We first note that the agreement between the two MoM
solutions is generally good, although there are slight differences
near the peaks of the waveforms, these associated with the
relatively high-frequency components of the waveform. This is
attributed as follows. For the BoR model, we employed a min-
imum of ten subsectional basis functions per wavelength inside
the tree trunk, while for the triangular-patch model, at the highest
frequencies (see Fig. 2) we applied approximately six basis
functions per wavelength. The latter discretization was applied
due to the required three-dimensional (3-D)current expansionon
the target surface, this becoming computationally expensive as
the frequency increases (see discussion in previous paragraph).
Nevertheless, the two solutions are in good agreement.

Focusing now on the phenomenology reflected in Fig. 3, we
note that, as expected, the time-domain scattered fields are char-

acterized initially by direct diffraction from the “top” of the tree
trunk. The tree height and bandwidth are sufficient that this ef-
fect, mechanism ii) in Fig. 1, is resolvable in time from the other
scattering effects. As expected, the initial scattered waveform
is independent of the tree height. By contrast, the second re-
turn, this representing a composite of mechanisms i), iii), and
iv) from Fig. 1, grows with increasing tree-trunk height. In fact,
this portion of the scattered waveform is almost a linear func-
tion of the tree-trunk height. A notable distinction seen in Fig. 3
is that the dihedral response i) in Fig. 1 is significantly larger
for the scattered fields relative to the case. This is at-
tributed to generally enhanced penetration at a dielectric inter-
face for vertically polarized incidence relative to the horizontal
case, thereby diminishing the dihedral interaction between the
soil and the tree trunk. For the soil considered here, the Brewster
angle is approximately 65(the soil is dispersive so the Brew-
ster angle is frequency dependent, and moreover, since the soil is
lossy, the concept of a Brewster angle is itself approximate). The
50 angle of incidence at the soil interface therefore yields con-
siderable penetration for V polarization, with this significantly
less for H polarization.

Before leaving Fig. 3, we note that for both the and
cases, there are relatively little scattered fields after the principal
dihedral response. This implies that, for the target considered,
there is little multiple interaction between the various scattering
mechanisms.

B. Diameter and Electrical Properties of Tree Trunk

The previous example served to validate the relative accu-
racy of the two MoM solutions and to provide an introduction
to the tree-trunk scattering phenomenology. However, the re-
sults in Fig. 3 addressed a single tree diameter and tree trunks of
fixed electrical parameters. Addressing the latter, the electrical
parameters of tree trunks are expected to be a strong function of
the tree type as well as of the season. In the next set of examples,
we consider trees composed of the electrical parameters consid-
ered in Fig. 3 and S/m as
well as tree trunks characterized by
and S/m. An investigation of these relatively disparate
examples will help quantify the effect of the tree electrical pa-
rameters on the scattered signature. Moreover, the tree height is
fixed at 5 m, the terrain is assumed flat, composed of Puerto Rico
clay soil [22], and several tree-trunk diameters are considered.
Although we consider a fixed tree height in these examples, the
data in Fig. 3 indicate that these results will scale linearly with
varying tree-trunk height. Finally, as discussed in Section II-B
and Section II-C, the frequency-domain RCS calculations pre-
sented here do not include scattering mechanism ii) in Fig. 1 (it
being windowed out in the time domain).

Having demonstrated the relative accuracy of the two MoM
solutions, for the case in which the tree trunk is normal to the
air-ground interface, here we only consider computations per-
formed with the BoR MoM model. Further, for comparison,
we also consider scattered fields computed via the approximate
series-solution-based model [5] discussed in Section II-D. In
Fig. 4, we consider the RCS computed by these two models
for tree trunks characterized by and
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(a)

(b)

Fig. 3. Time-domain waveform backscattered from a lossy dielectric cylinder (complex permittivity� = � (3�j0:5�j�=!� )with conductivity� = 0:005S/m)
situated atop a half space composed of Yuma soil with 10% water content [20]. The tree trunk has a 30 cm diameter, and is normal to the air-ground interface.
The pulsed plane wave has the shape shown in Fig. 2, and is incident at 50relative to the normal, and results are shown for trunk heights of 3, 4, and 5 m. The
solid curves were computed via the body of revolution MoM model [3], and the dashed via the triangular-patch model [12]. (a)V V polarization and (b)HH
polarization.
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(a)

(b)

Fig. 4. Radar cross section (RCS) of a tree trunk normal to a half-space
interface, with the half space electrical properties characteristic of Puerto
Rico clay [22], and the plane wave is incident at 60relative to the air-soil
normal. The tree trunks are characterized by� = � (3� j0:5� j�=!� ) with
� = 0:005 S/m, and tree diameters of 30, 40, and 50 cm are considered. The
solid curves represent the BoR MoM solution [3], and the dashed curves the
approximate series solution [5]. (a)V V polarization and (b)HH polarization.

S/m for tree diameters of 30, 40, and 50 cm. The
plane-wave incident angle is 60relative to the air-soil normal.
We again note that the response [Fig. 4(a)] is markedly
smaller than that for the polarization [Fig. 4(b)]. We also
note that, as expected, the RCS increases with frequency as
the wavelength becomes smaller relative to the tree-trunk di-
ameter (approaching the “optical” regime). Consequently, the
frequency at which the RCS starts to reach its maximum in-
creases as the tree diameter decreases. There are several other in-
teresting scattering mechanisms playing a role in this example.
In particular, note that, in the high-frequency region, the RCS
is characterized by frequency-dependent dips in the RCS re-
sponse, with these dips particularly strong for polarization.
This phenomenon is also closely related to the tree-trunk di-
ameter since the dips scale to lower frequencies as the diam-
eter increases. We therefore attribute these dips to frequencies
at which, in backscatter, the superposition of the fields scattered
from the front and back of the tree trunk destructively interfere.

(a)

(b)

Fig. 5. As in Fig. 4, but now the tree trunks are characterized by� =
� (10� j2� j�=!� )) with � = 0:02S/m. (a)V V polarization and (b)HH
polarization.

This phenomenon is expected to be stronger for polariza-
tion, since the penetration into the tree trunk is expected to be
larger in this case.

Another matter of note is the relative agreement between the
MoM and the approximate series solution [5] for the target RCS.
In Fig. 4(a), the agreement between these two models is good
for the case, while for the polarization considered in
Fig. 4(b) the agreement is excellent, especially for the largest
diameter considered. Recall from Fig. 1 that, in addition to the
dihedral response characterized by mechanisms i) and iv), there
are scattered fields induced by top diffraction followed by a
ground bounce, reflected by mechanism iii). For the case,
the cumulative effects of i) and iv) are expected to be large, with
this less so for polarization (due to enhanced penetration
for the latter). Consequently, mechanism iii) is expected to be
of strongerrelativestrength for than for polarization.
The approximate RCS calculation, based on the series solution
for an infinite cylinder [5], does not provide a good representa-
tion for the diffraction induced at the top of the tree trunk. As
noted, this effect is of greater relative importance for the
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(a)

(b)

(c)

Fig. 6. Radar cross section of tree trunks composed of permittivity� = � (5�
j1� j�=!� ), with conductivity� = 0:01 S/m, 5 m trunk height, and the half
space is modeled as Puerto Rico clay [22]. The trunks are normal to the air-soil
interface, and the plane wave is incident at 30, 45 , and 60 relative to the
normal to the air-soil interface. (a) 30-cm tree diameter, (b) 40-cm tree diameter,
and (c) 50 cm tree diameter.

case, and therefore the approximate series solution is expected
to be less accurate for this polarization.

In Fig. 5, we consider the same example as in Fig. 4, but
now the permittivity and conductivity of the target are raised
to and S/m. We expect less

(a)

(b)

Fig. 7. Radar cross section forHH polarization, for a 10 sloped terrain with
electrical properties characteristic of Yuma soil with 10% water content [20].
The tree-trunk diameter is 30 cm, its height is 5 m, and its electrical properties
are characterized by� = � (3 � j0:5 � j�=!� ) with conductivity� =
0:005 S/m. The azimuthal angle� = 0 corresponds to viewing up the slope,
with � = 180 viewing downward (see Fig. 1). The solid line represents the
MoM solution [12] and the dashed curve the approximate series-based solution
[5], assuming 50 incidence relative to the axis of the tree trunk. (a)� = 0
and (b)� = 180 .

penetration into the tree trunk for this high-contrast case, and
therefore, the dips seen in Fig. 4 as a function of frequency are
less dramatic for this case. Note also that the frequency at which
the RCS becomes relatively constant with frequency is smaller
in Fig. 5 than in Fig. 4 due to the enhanced electrical size of the
target with increased permittivity. In this context, note that in
Fig. 5, the MoM computations were only performed up to 325
MHz, while those in Fig. 4 were performed up to 520 MHz. This
again is reflective of the target electric size, and the associated
enhanced computational requirements (see Section IIIA) as the
target permittivity increases. It is interesting to also note that,
for the higher permittivity in Fig. 5, the agreement between the
approximate and MoM-computed RCS is very good for
polarization, while being slightly less good for .
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(a) (b)

(c) (d)

Fig. 8. Time-domain backscattered fields from the tree trunk considered in Fig. 7, assuming an incident pulse as shown in Fig. 2. The pulsed plane wave is
incident 50 from the axis of the tree trunk. (a)� = 0 , (b) � = 45 , (c) � = 135 , and (d)� = 180 .

C. Angle of Incidence

In theprevioussetofexamples, theangleof incidencewasheld
constant while other parameters were varied. When performing
synthetic aperture radar (SAR) measurements, the angle between
the tree trunk and sensor is dictated, for a fixed sensor height, by
the distance between the sensor and scatterer. Consequently, two
identical tree trunks at different portions of the SAR image will
be interrogated with distinct angles of incidence. We therefore
examinetheeffectoftheincidenceangleontheRCSofatreetrunkon
flatterrain,assumingthesamesoiltypeasinFigs.3–5.Weconsider
tree trunks composed of permittivity
and conductivity S/m, with 5 m height. In Fig. 6(a)–(c),
weplot thecomputedRCSfor treediametersof30,40,and50cm.

Thefrequency-dependentsoilparametersareagaincharacterized
as Puerto Rico clay [22]. As expected, the increasing tree-trunk
diameter (with all other parameters fixed) principally results in a
shiftingoftheRCScharacteristicstolowerfrequencies.Aswehave
found throughout, at frequencies greater than approximately 30
MHz,the RCSisconsistentlystrongerthanits counterpart.

From Fig. 6, we note that the angle of incidence has an impor-
tant effect on the tree-trunk RCS, with this particularly true for

polarization. In fact, at low frequencies the RCS is al-
most independent of incidence angle, with a larger variation oc-
curring with increased frequency. This is to be expected, since
for polarization there is relatively strong penetration into the
tree trunk, and the scattering induced by the transmitted compo-
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(a)

(b)

Fig. 9. Synthetic aperture radar (SAR) images of the tree trunk considered in Figs. 7–8. The SAR has the incident waveform in Fig. 2, and the angle between the
sensor and tree-trunk axis is fixed at 50, and a 35 SAR aperture is assumed, relative to the tree axis. Results are shown for apertures centered at the azimuthal
positions (see Fig. 1)� = 20 , � = 50 , � = 80 , � = 110 , � = 140 , and� = 160 . In all images the dynamic range is fixed at 40 dB (white strongest,
black weakest). The peak image strength is weakest for azimuthal positions near� = 0 and� = 180 , and strongest near� = 90 (see Fig. 8). (a)V V
polarization and (b)HH polarization.

nent is expected to be a strong function of the incidence angle. By
contrast, this is expected to be a much smaller effect forpo-
larization, for which the penetration is relatively small.

D. Tilted Terrain

We next consider the scattered return from a tree trunk over
a sloped terrain, with soil electrical parameters characteristic of
Yuma soil with 10% water content [20]. A 10slope is con-
sidered, with a tree trunk of 30 cm diameter, 5 m height, per-
mittivity , and conductivity

S/m. The tree trunk axis makes an angle with

respect to the terrain slope (see Fig. 1). The BoR MoM model
is inappropriate for this example, and therefore, all associated
MoM data have been computed with the triangular-patch model.
We consider an incidence angle of 50relative to the tree-trunk
axis for all azimuthal positions considered. This was selected to
be consistent with a SAR system flying at a fixed height, and
at a constant radius relative to the tree axis. For reference, the
azimuthal positions and are shown in Fig. 1.

In Fig. 7, we consider the RCS for polarization. Since
for this incidence angle and terrain slope mechanism i) is not
observed in backscatter, the RCS calculations in Fig. 7 include
mechanisms ii)-iv). For the case and in
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Fig. 7(a) and (b), respectively, we see the agreement between
the MoM and approximate solutions is relatively good. It is in-
teresting to note that in this case, unlike in the previous
results (for flat terrain), there are sharp dips in the frequency-de-
pendent RCS response. This is because here, unlike in Figs. 4–6,
there is no dihedral response i) in Fig. 1 to dominate the RCS.
Hence, the frequency-dependent interference between the other
scattering mechanisms dominates the RCS, yielding the charac-
teristics in Fig. 7. We also performed similar comparisons be-
tween the MoM and approximate solutions for the polar-
ization, and in that case the agreement between the MoM and
approximate solution was considerably worse.

When the tree trunk is normal to the air-ground interface, the
scattered fields are independent of the azimuthal angle, and
the cross-polarized backscattered fields are zero. We now ad-
dress the -dependent signature for the sloped-terrain example
considered in Fig. 7. The time-domain backscattered fields
for and are shown in Figs. 8(a)–8(d),
respectively. Due to bisectional symmetry, the cross-polarized
backscattered fields vanish at and (see Fig. 1).
In all cases the incident plane wave has an angle relative
to the tree axis, with an incident-pulse shape as in Fig. 2. A close
inspection of the results in Fig. 8 for and polarizations
reveals that, for a given polarization, the initial scattered wave-
form, representative of mechanism ii) in Fig. 1, is independent of
the azimuthal orientation. Further, theoretically, there should
be no cross-polarized component to mechanism ii), since the
top of the target is theoretically rotationally symmetric, and
mechanism ii) is independent of the ground slope. However, in
Fig. 8(b) and (c) we note that there is a small cross polarized
diffracted component representative of mechanism ii). This is
due to the fact that the triangular-patch discretization yields a
target mesh that is not exactly rotationally symmetric [4], [12].
Hence, the small initial diffracted component in Fig. 8(b) and
(c) is reflective of this asymmetry.

After the arrival of mechanism ii), there is a stronger scattered
waveform, which appears to be the composite oftwo pulses,
slightly delayed with respect to each other. This representation
of two delayed pulses is particularly clear, for example, in the

signature of Fig. 8(b). We attribute these two time-delayed
waveforms to mechanisms iii) and iv) in Fig. 1. For some of the
examples, there is appreciable scattered energy that comes later
in time, this reflective of multiple interactions. It is clear from
Fig. 8 that the transient scattered fields from a tree trunk over
sloped terrain are a strong function of orientation.

E. Synthetic Aperture Radar

The results in Fig. 8 indicate that the time-dependent scattered
waveform is a strong function of orientation for a tree trunk over
a sloped terrain. A synthetic aperture radar (SAR) system implic-
itly views a target from multiple orientations. To address the im-
pact of the aspect-dependent signatures in Fig. 8 on a subsequent
SAR image, we consider a SAR system that is flying in a circular
path around the tree trunk considered in Fig. 8 (with the same
10% Yuma soil [20]). The SAR is positioned such that a constant
angle of incidence existsbetween the sensorand the tree axisand,
as in Fig. 7, this is assumed to be . The SAR is assumed
to span a 35aperture with respect to the target center, and here
each aperture position is weighted equally i.e., the antenna pat-

tern is assumed uniform over approximately 35). Simple back-
projection of the time domain fields (as in Fig. 8) is used to form
the SAR image. In Fig. 9, we present SAR images using data
computed via the triangular-patch MoM model, for six different
center positions of the 35aperture. In particular, we consider
apertures centered at 20, 50 , 80 , 110 , 140 , and 160, where
Fig. 9(a) and 9(b) are for and polarization, respectively.
As expected from Fig. 8, the SAR image is a strong function of
the aperture position. At particular positions [e.g., in
Fig. 9(b)], the image is characterized by two strong regions, these
likely due to separated responses from mechanisms iii) and iv),
while for other sensor positions, these two returns coalesce into a
single strong return.

IV. CONCLUSIONS

Three models have been presented for electromagnetic scat-
tering from a tree trunk over a half space. Two of the models
were based on the MoM, with one MoM model restricted to
the special case of a body of revolution (BoR) and the other
employing a general triangular-patch basis function decomposi-
tion. In addition, we considered an approximate model based on
the series-expansion solution for scattering from an infinite di-
electric cylinder. For the VHF frequencies considered, we found
that the approximate solution was in excellent agreement with
the numerical solutions for polarization, with this agree-
ment degrading slightly for polarization (for the sloped-ter-
rain case, the approximate solution was particularly poor for

polarization). The numerical models were employed to in-
vestigate the backscattered signature from a tree trunk in both
the frequency and time domain. Results were presented as a
function of tree-trunk height, diameter, and electrical parame-
ters. Moreover, we considered the backscattered RCS for var-
ious incident angles. We also considered backscattering from a
tree trunk on sloped terrain, both in the time domain and in the
SAR image domain. These examples have demonstrate that, de-
spite the relative simplicity of the tree-trunk target, the associ-
ated scattering phenomenology is quite complicated and must
be considered carefully in the context of foliage penetrating
(FOPEN) radar.

Despite the fact that, to our knowledge, this paper represents
the most rigorous analysis of tree-trunk scattering to date, there
are still many issues that need to be addressed further. In par-
ticular, we demonstrated in Fig. 1 that there are four principal
scattering mechanisms of interest for tree-trunk scattering. Two
of these, ii) and iii) in Fig. 1, are driven by diffraction from the
top of the tree trunk. Unfortunately, this is the least realistic as-
pect of the scattering model. Dihedral scattering between the
tree-trunk surface and the soil interface is accounted for accu-
rately, but this phenomenon is not generally present for the case
of sloped terrain. For such circumstances, the scattered fields
computed by the simple model in Fig. 1 are driven in large part
by diffraction at the “top” of the tree trunk, this being a simple
approximation for the scattering mechanisms of an actual tree.
Thus, for the flat-terrain case the principal (dihedral) scattering
mechanism is well represented, but for the tilted-terrain case
there are significantly more approximations. Consequently, the
scattering physics predicted by the model must be validated by
measurements. Moreover, the triangular-patch model is appli-
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cable to general dielectric targets in the presence of a layered
medium (soil). Future work will involve the use of this model to
more realistically handle the large branches in the tree, these po-
tentially being important at the VHF and low-UHF frequencies
of interest. We have emphasized throughout, however, that the
computational burden of such electrically large problems is pro-
hibitive for the MoM solver. The limitations in the MoM have
been ameliorated of late through development of the fast multi-
pole method (FMM) and the multilevel fast multipole algorithm
(MLFMA) [23]–[25]. These methods have been used primarily
for free-space scattering [17], [18] and for perfectly conducting
targets over a half space [25]. For the targets of interest here,
the FMM/MLFMA must be extended to general dielectric tar-
gets over a half space.

We close by acknowledging that, despite the large number
of examples presented here, such a presentation can never be
entirely complete within the constraints of brevity. We note,
therefore, that in addition to being applicable to constant-radius
tree trunks, like those considered here, the BoR and trian-
gular-patch MoM models are also applicable to more general
tree-trunk shapes. Orientation-independent curvature in the
tree-trunk shape can be handled via the BoR model, while the
triangular-patch model is applicable to even more general tree
trunk shapes (e.g., elliptical cross section). We found in the
course of this work, forexample, that small changes in the height-
dependent tree radius (appropriate for the BoR model) produce
relatively modest changes in the backscatter RCS. A further
investigation of such higher-order effects may also be warranted,
the focus here being on the principal scattering mechanisms.
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