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

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 fieldsjs-a-visa simpler model that assumes
the tree trunk is a constant-radius cylinder [5].

sidered, and several examples of application to remote sensing are  Despite the attractiveness of the BoR model, it is limited to

addressed.

|I. INTRODUCTION

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-

CATTERING from tree trunks plays an important rol

: X S Slectric targets embedded in an arbitrary multilayered environ-
n many remote sensing applications. For example,

- . ! ent. This MoM model employs the general Rao, Wilton, and
fohagg—penetratmg (F.OPEN) radar, scattering from tree trun isson [4] triangular-patch basis functions, and allows the con-
constitutes t.he principal source of clutter [1]. FOPEN ra.d@fderation of sloped terrain as well as general tree-trunk shapes.
SyStemS typlpally operate 'at \./HF and low-UHF frequenmes, The two MoM models discussed above are quite powerful for
for which foliage p(_anetratlon IS reasgnably effective. Cons aining insight into the phenomenology associated with VHF
quently the canopy-induced clutter [2] is typically much weak nd low-UHF scattering from tree trunks over soil. However, as

than the clutter signatures induced by dihedral scattenngtﬁé target size grows relative to wavelength, they require pro-

tree trunks. In particular, several proximate tree trunks Cbitive computer memory as well as computation time. Con-

yield composite radar signatures that are very similar to thogg uently, where possible, it is desirable to use the rigorous

produced_by man-made targets. Before addressing scatteyyy models as reference solutions for alternative, approximate
from multiple tree trunks, we must first fully understand th?n

ttered fields induced b inale tree trunk functi &fdels that are computationally efficient. In this context we
scattéred Tields induced by a single tree trunk, as a Iunclion Qf,qiqer the following approximate model. If we assume that

terrain topagraphy, this constituting the subject of the prese[% tree trunk is composed of a constant radius, the electric and
pa_?ﬁr. ttering of elect i ia finite-height t magnetic currents on the tree-trunk surface can be approximated
€ scatiering of electromagnetic waves via finite-heig r%?/ considering scattering from an infinite cylinder in free space,

trunks is investigated through development of a method-of- hile assuming two incident fields: (1) the direct plane wave,

ment (MOM) model fo_r ol_lelectrlctargets n t_he presence (_)fala s in free space, plus (2) the contribution due to plane-wave re-
ered medium. Two distinct MoM formulations are considere

| ticular itis oft iate t del the tree trunk ection induced by the soil (ground bounce). Moreover, when
n particular, it1s often appropriate to modet the tree trun asc%mputing 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
Manuscript received December 9, 1999; revised October 25, 2000. gt the ends of the finite-height tree trunk. Lin and Sarabandi [5]
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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 78 |
[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-dipolgg. 1. Schematic of a lossy dielectric cylinder (model tree trunk) on a sloped
model [9] This algorithm is applicable to tree models far mori&rrain. Four scattering mechanisms, discussed in the text, are identified.
realistic [9] than a simple finite-length cylinder. In [9], the
free-space Green’s function was employed with appropridgecomplicated significantly by the need to compute the lay-
reflection coefficients appended to account for soil interactiorgred-medium dyadic Green’s function [14]. As is well known,
Authors have also considered scattering from multiple tre#s general, each component of the dyadic Green’s function
[6], [8], employing, for example, an iterative procedure teannot be represented in closed form, but must be expressed
account for intertree electromagnetic interaction [6]. In [6]n terms of a generally highly oscillatory Sommerfeld integral
the fields within a given tree (finite-length dielectric cylinder]14], [15]. The efficient evaluation of such integrals has been
are computed via an infinite-cylinder model, however thghe principal bottleneck to generalizing the free-space models
scattered fields from the cylinders are computed using the[13] to the case of general layered media.
dyadic half-space Green’s function. In the work employed Recently the method of complex images has been developed,
here, in the context of our MoM solutions, we employ @& which a fit is performed to the spectral Green’s function,
surface-integral-equation formulation, and the currents on thng a salutary path in the complex spectral space. The fit is
target surface are computed rigorously through explicit use gérformed using a sum of exponentials, each with a complex
the half-space Green’s function (the scattered fields are alg@ument [3], [16], [17]. The attractiveness of this approach is
computed via the half-space Green’s function). that, once the sum of exponentials is fit to the spectral Green’s
The remainder of the paper is organized as follows. The dgnction, a closed-form inversion exists for the Sommerfeld in-
tails of the two MoM models employed here have been elugisgra| associated with each exponential, cumulatively yielding
dated elsewhere [3], [12], and therefore in Section Il, we prese space-domain Green’s function. Here we use a Prony [18]
vide a pr|ef overview of these technlques_. Their app_llcatlor_1 ?ﬂting procedure, although any of a number of such techniques
computing the tree-trunk radar cross section (RCS) is providgg, 4 ailable [19]. The complex-image technique is most effec-
in some detail, SL,JCh that it is understood how we account:ﬁ‘ge when the target lies entirely within a single layer, since in
d|'ffract|ve effects mduced at the'top ofthe (modeled) tree uNiiq case all source and observation points are also within the
Flna!ly, we al_so briefly summarize the approximate model, t ame layer. Under this circumstance the spectral fit is performed
details of which are fo.und N [5]. In Sec_tlon lll, a large set o nce, for each dyadic component, for all source and observa-
results are presented, in which we examine tree-trunk scatter{pc% points, significantly accelerating computational efficiency
from several perspectives. In particular, we compare the relative . : : e
. : Or scattering from tree trunks, the dielectric scatterer is en-
accuracy of the approximate and two MoM solutions, for fla}t

and sloped terrain. Several phenomenological examples are ngy above the soil (we ignore the root system) and therefore

dressed, including the aspect-dependent synthetic aperture ré Fom_plex—lmage technique offe_rs an attractive means of m-
(SAR) signature of a tree trunk on a sloped terrain 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.

(i)

—— =0

Il. THEORETICAL FORMULATION ) )
B. Scattering Mechanisms

A. Method-of-Moments (MoM) Analyses As indicated, the details of the MoM formulations can be

We have developed MoM models applicable to a dielectrfound elsewhere [3], [12] and therefore, here we focus on is-
body of revolution (BoR) embedded in an arbitrary layeresues of particular interest to tree-trunk scattering. In particular,
medium, as well as for a general dielectric target also embeddmuhsider plane-wave scattering from a finite-length tree trunk
in an arbitrary layered medium [3], [12]. For the former, alongver soil, as shown in Fig. 1. There are four principal scattering
the target-generating arc, we employ the subsectional basischanisms: i) a dihedral response due to the tree-soil inter-
functions discussed in [3], while for the latter, we emplogction; ii) direct diffraction from the top of the tree trunk; iii)
the general triangular-patch basis functions introduced in [4]iffraction from the top of the tree trunk followed by a ground
MoM scattering models for BoR and general dielectric target®unce; and iv) diffraction from the bottom of the tree trunk (at
have been available for over a decade for the case of the tathetair-ground interface). In addition to these scattering mecha-
residing in free space [13]. To consider scattering from suctmams, there are multiple interactions between the four, as well
target embedded in an arbitrary layered medium, the problemother higher order effects. Scattering mechanisms (ii)-(iv) are
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always present in the far-zomackscatteredields, while i) is normalized as follows. The frequency-domain, far-zone polari-
present when the tree trunk is normal to the air-ground interfagetric scattering matrix can be expressed as
(e.g., flat terrain) and for special incident angles [5] when the ‘
terrain is sloped. {Eégn} _ exp(=jhir) [SVV SVH} {E?Lc} 1)
It is important to emphasize that, for a real tree with a branch ket r Sgv  Spn | [ EY°

and leaf structure, the diffraction mechanisms from the “top"herek is the wavenumber of the top region (usually air), and
of the tree will be different than those in Fig. 1. However, i¥v . Preg yain,

. . h inal far- i f h h .
there is a backscattered dihedral effect observed at the se s the nominal far-zone distance from the target to the observer

or o . .
g : ¥ normalizedtime-domain results are defined as
(flat terrain), it is typically much stronger than leaf and branch

scattering at VHF frequencies, and therefore mechanismg)uvv(t) wVH(t):|
dominates. To explore this backscattered effect in detail, whemu v ()  wyg(t)
it exists, we perform the following procedure. Considering | oo Syy(w) Syrw)] [ Prw) .
Fig. 1, scattering mechanism ii) is observed earliest in time, g/ { () SHH(W):| [PH(W)}GXP(JW) dw (2)
for transient excitation of sufficient resolution (wide enough

bandwidth). To investigate the radar cross section (RCS) where Py and Py represent the frequency dependence of the
mechanism i), we window out in time the contribution fromy (vertical) andH (horizontal) polarized incident-field compo-
i), leaving principally the time domain response of i), iii), anchents.

iv). Mechanisms iii) and iv) can be viewed as components of

i), when the latter is observed in backscatter, with the sum Series Approximation

of the two generally being much weaker than mechanism I)'The MoM yields a rigorous solution for the electric and mag-

which typically occurs during an overlapping time WmeV\,/hetic surface currents induced on the target surface, from which

After windowing out ii), the transient scattered waveform '¥he scattered fields can be computed. If the tree trunk is as-

conV(terted back tc()j tr;e frequ:en%y dqrrllgm, the mc'der_‘t'pfjlgﬁmed to be a constant-radius dielectric target, with possibly
spectrum removed (deconvolved), yielding an approxima 'ITﬂ'ultipIe concentric layers, one can employ the exact solution

for the RCﬁ Og ')'kAS elumga;[ghd ;‘b?ve’ this mod(\e/IHv;/:lIIfwe or free-space scattering from an infinite dielectric cylinder [5].
represent the backscattered dinedral response at req e tangential electric and magnetic fields on this infinite target

cLes,twhen It .eX|sts,ddesp|te the fact that the leaf and brané: be used to approximate the electric and magnetic surface
s rIszc L:Le are |gnfor:a ' dterrai tteri hanism i) i currents on a finite-length dielectric cylinder. Moreover, the so-
orthe case of sioped terrain, scattering mechanism ')_!S 9%¥on must be modified slightly to account for ground-bounce
e_raIIy notqbserved n ba_ckscatter,_ leaving me_chamsms ”)_'V%cattering [5]. For comparison, we consider such an approxi-
Like the dihedral effect i), scattering mechanism ) is 9eNehhate model, for alossy dielectric cylinder over a flat and sloped
ally weakly affected by the leaf and branch structure. However, ¢ space. Here we assume the cylinder is homogeneous, al-

mechanisms i) and iij) are d.riv'en pr.imarily by diffraction atthough it is straightforward to extend the model to account for
the “top” of the tree trunk, this ignoring effects of the Ieave§ree layering [5]

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 & Comparison Between Two MoM Models

important area of future research. We note as well that the MoMAs discussed in Section Il, two MoM formulations have
model with triangular-patch basis functions, discussed aboy@en implemented, one assuming that the dielectric target is
can in principle be used to model the tree branch structure, wighbody of revolution (BoR) and the other employing general
the leaves generally being of secondary importance at VHF frgiangular-patch basis functions [4], the latter applicable to

Suv

— o0

I1l. EXAMPLE RESULTS

quencies. This too is an area of future work. general dielectric targets. We begin by comparing the results
computed by these two models, for the special case of a BoR
C. Data Format tree trunk, and therefore we assume flat terrain. Moreover,

i ] although the MoM models are applicable to general layered
Below we present both frequency- and time-domain resuligedia, here and throughout the paper we assume the soil is a

with the former presented as RCS. For examples in which thsy, dispersive half space. We perform the comparisons in
terrain is flat (tree trunk normal to the air-ground interface), th@e time domain, assuming time-domain plane-wave excitation
RCS is principally characterized by the dihedral scattering re@ith the incident pulse in Fig. 2. This waveform encompasses
resented by i) in Fig. 1, where we have windowed out the &he VHFand low-UHF frequency bands. The upper frequency
fects of i) as discussed above. For sloped terrain, mechanisrgdhsidered is dictated by the memory and computation-time
is typically not present in backscatter, and therefore the RCS(DPU) requirements of the MoM models. In particular, the
this case is representative of mechanisms ii)-iv), plus associagite of the subsectional basis functions must be small relative
higher-order effects. All scattering mechanisms are retainedtinthe wavelength in the tree trunk [3], [13], and therefore the
the time-domain results, such that the associated phenomenanaraber of basis function& grows precipitously as the target
observed. The far-zone time-domain backscattered results sime increases relative to wavelength i.e., as the frequency
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1 ' acterized initially by direct diffraction from the “top” of the tree
E 0.8F trunk. The tree height and bandwidth are sufficient that this ef-
0-8 £ 0.6k fect, mechanismii) in Fig. 1, is resolvable in time from the other
% scattering effects. As expected, the initial scattered waveform
0.8 g 04y is independent of the tree height. By contrast, the second re-
04 £ 02t turn, this representing a composite of mechanisms i), iii), and
0 o iv) from Fig. 1, grows with increasing tree-trunk height. In fact,

700 700 . . . .
Frequency (MHz) 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 H H scattered fields relative to tHéV case. This is at-

Incident Pulse
=3
[ ]

[—3

'
Ll | DAL LRI I L L LN BLNRNR NN BLRLBLELEN RLELENAL |

-0.2 tributed to generally enhanced penetration at a dielectric inter-
face for vertically polarized incidence relative to the horizontal
0.4 case, thereby diminishing the dihedral interaction between the
0.6 | o soil and the tree trunk. For the soil considered here, the Brewster
0 5 10 angle is approximately 65the soil is dispersive so the Brew-
time [nsec] ster angle is frequency dependent, and moreover, since the soil is

Fig. 2. Incident pulse and associated spectrum, used for the time—domlé?ésy’ the Concgpt ofaBrewster_a_ngIe is itself apprOXIr_nate)' The

scattering examples. 50° angle of incidence at the soil interface therefore yields con-
siderable penetration for V polarization, with this significantly

. " . less for H polarization.

increases). For a traditional MoM analysis, the memory re- Before leaving Fig. 3, we note that for both thé” and H H

quirements are ordeW? and the CPU requirements are order h latively littl dfields after the principal
N3, for a direct solution of the MoM matrix equation (the CP ases, there are re atlvg y it N scattered fields after the principa
is o,rderPNQ for a conjugate-gradient solver, whefeis the dihedral response. This implies that, for the target considered,

number of conjugate-gradient iterations). We note that the B(gpzere is little multiple interaction between the various scattering

model is typically more efficient from both a memory and Cplmechamsms.
perspective than the triangular-patch model, since the basis | . )
functions for the former only exist along a 2-D generating afg- Diameter and Electrical Properties of Tree Trunk
[3]. However, the number of azimuthal modes [3] required of The previous example served to validate the relative accu-
the BoR model increases with target electrical size, i.e., withcy of the two MoM solutions and to provide an introduction
increasing frequency), and therefore the BoR model is as wgllthe tree-trunk scattering phenomenology. However, the re-
limited in the target size that can be considered. sults in Fig. 3 addressed a single tree diameter and tree trunks of
In Fig. 3, we compare the time-domain scattered fieldixed electrical parameters. Addressing the latter, the electrical
computed via the two models, considering tree trunks of $arameters of tree trunks are expected to be a strong function of
cm diameter and heights of 3, 4, and 5 m, for an incidendee tree type as well as of the season. In the next set of examples,
angle of 50 relative to the normal (40relative to grazing). we consider trees composed of the electrical parameters consid-
The tree trunk is characterized by the complex permittivityred in Fig. 3 = ¢9(3 — j0.5 — jo /weg) ando = 0.005 S/m as
€ = (3 — j0.5 — jo /weg) with conductivityo = 0.005 S/m, well as tree trunks characterized by= ¢o(10 — j2 — jo/weo)
wheree is the free-space permittivity. The soil is representativends = 0.02 S/m. An investigation of these relatively disparate
of Yuma soil with 10% water content (see [20]). TH& andH H  examples will help quantify the effect of the tree electrical pa-
scattered fields are presented in Fig. 3(a) and 3(b), respectivedyneters on the scattered signature. Moreover, the tree height is
For this BoR target, the cross-polarizeackscatterefields are fixed at 5 m, the terrain is assumed flat, composed of Puerto Rico
zero [21]. We first note that the agreement between the two Modthy soil [22], and several tree-trunk diameters are considered.
solutions is generally good, although there are slight differencathough we consider a fixed tree height in these examples, the
near the peaks of the waveforms, these associated with tlaa in Fig. 3 indicate that these results will scale linearly with
relatively high-frequency components of the waveform. This igrying tree-trunk height. Finally, as discussed in Section 1I-B
attributed as follows. For the BoR model, we employed a miand Section 1I-C, the frequency-domain RCS calculations pre-
imum of ten subsectional basis functions per wavelength insigented here do not include scattering mechanism ii) in Fig. 1 (it
the tree trunk, while for the triangular-patch model, at the highesg¢ing windowed out in the time domain).
frequencies (see Fig. 2) we applied approximately six basisHaving demonstrated the relative accuracy of the two MoM
functions per wavelength. The latter discretization was appligdlutions, for the case in which the tree trunk is normal to the
duetothe required three-dimensional (3-D) current expansionain-ground interface, here we only consider computations per-
the target surface, this becoming computationally expensivefaemed with the BoR MoM model. Further, for comparison,
the frequency increases (see discussion in previous paragraple)also consider scattered fields computed via the approximate
Nevertheless, the two solutions are in good agreement. series-solution-based model [5] discussed in Section 1I-D. In
Focusing now on the phenomenology reflected in Fig. 3, weg. 4, we consider the RCS computed by these two models
note that, as expected, the time-domain scattered fields are cliariree trunks characterized lay= ¢y(3 — j0.5 — jo /weg) and



2186 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 39, NO. 10, OCTOBER 2001

3 meters

wyv(9) [m],
@

20

4 meters
E
¥
>
E3
il
0.06 | N
0.04 5 meters
T 0.02
e 0
z
£ -0.02
-0.04
-0.96 Y
-20 0 time [nsec] 20
(@)
0.2 E A
T ol : 3 meters
= 0
=
.01
-0.2
-0.3 )
-20 -10 [}
03 .
0.2 F : 4 meters
E o0af
e 0
$ 3
£ 01 f
" 02
0.3 F
0.4 F , )
-20 10 0
5 meters
)
5
=
B
.20 10 70 30

10
time [nsec]

(b)

Fig.3. Time-domainwaveform backscattered from a lossy dielectric cylinder (complex permiéttivity, (3—j0.5—jo /weq ) with conductivitye = 0.005 S/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-greund interfac
The pulsed plane wave has the shape shown in Fig. 2, and is incident egl&five 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 J1R].p@lprization and (b7 H
polarization.
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Fig. 4. Radar cross section (RCS) of a tree trunk normal to a half-space (b)

interface, with the half space electrical properties characteristic of Puerto
Rico clay [22], and the plane wave is incident at 6@lative to the air-soil Fig. 5. As in Fig. 4, but now the tree trunks are characterized: by
normal. The tree trunks are characterizetthy (3 — j0.5 — jo/weg) with  €0(10 — j2 — jo /weg)) with ¢ = 0.02 S/m. (@)V' V' polarization and (b} H
o = 0.005 S/m, and tree diameters of 30, 40, and 50 cm are considered. Ts@arization.
solid curves represent the BoR MoM solution [3], and the dashed curves the
approximate series solution [5]. (B)} polarization and (b H polarization.

This phenomenon is expected to be strongefféf polariza-

tion, since the penetration into the tree trunk is expected to be
o = 0.005 S/m for tree diameters of 30, 40, and 50 cm. Thiarger in this case.
plane-wave incident angle is B@elative to the air-soil normal.  Another matter of note is the relative agreement between the
We again note that th& V' response [Fig. 4(a)] is markedly MoM and the approximate series solution [5] for the target RCS.
smaller than that for théZ 4 polarization [Fig. 4(b)]. We also In Fig. 4(a), the agreement between these two models is good
note that, as expected, the RCS increases with frequencyfashe V'V case, while for thed H polarization considered in
the wavelength becomes smaller relative to the tree-trunk &ig. 4(b) the agreement is excellent, especially for the largest
ameter (approaching the “optical” regime). Consequently, tlikiameter considered. Recall from Fig. 1 that, in addition to the
frequency at which the RCS starts to reach its maximum idihedral response characterized by mechanisms i) and iv), there
creases as the tree diameter decreases. There are several othendnscattered fields induced by top diffraction followed by a
teresting scattering mechanisms playing a role in this exampygound bounce, reflected by mechanism iii). For th&l case,
In particular, note that, in the high-frequency region, the RQ8e cumulative effects of i) and iv) are expected to be large, with
is characterized by frequency-dependent dips in the RCS tieis less so foV'V polarization (due to enhanced penetration
sponse, with these dips particularly strong ¥6¥ polarization. for the latter). Consequently, mechanism iii) is expected to be
This phenomenon is also closely related to the tree-trunk dif strongemelative strength forV' V' than for H H polarization.
ameter since the dips scale to lower frequencies as the diarhe approximate RCS calculation, based on the series solution
eter increases. We therefore attribute these dips to frequend@saninfinite cylinder [5], does not provide a good representa-
at which, in backscatter, the superposition of the fields scattersah for the diffraction induced at the top of the tree trunk. As
from the front and back of the tree trunk destructively interfer@oted, this effect is of greater relative importance for Yhe



2188

radar cross section RCSpq [dBsm]

radar cross section RCSpq [dBsm]

radar cross section RCSpq [dBsm]

IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 39, NO. 10, OCTOBER 2001

s A2
B e By eV -
l?_ma—’— ‘\"A\V\ \E_ /A’
B | ~a
- // . A & g
~—a—— 30deg, VV
- b 45deg, VV
———— 60deg, VV
- —-=-g--—- 30deg, HH
ey 45deg, HH
o A 60deg,JHH
. | | L | L
0 50 100 150 200 250 300 350 400
frequency [MHz]
(€Y
—. T V\‘\A e
BT =g a T (E;L.&:
- N SN N ’
’g' g .:'I;—B:“\AV\ 57/
——g— 30deg, VV
o e 45deg, VV
———— 60deg, VV
o ~-=-8--—- 30deg, HH
oo 45deg, HH
o DA 60deg, HH
L L 1 | 1 L Il
0 50 100 150 200 250 300 350 400
frequency [MHz]
(b)
".’v.-\
----- ST T A L A0
é&f__._ /'\ P -t £ 43:;’ g
X}” = . ,\27 v
7 s 2 bl L
& gf P S~ ”
= -———&—— 30deg, VV
——— 45deg, VV
- A — v 60deg, VV
—-—-8--—- 30deg, HH
- v B 45deg, HH
--—-gp—-—-- 60deg, HH
H | | L L L L L
0 50 100 150 200 250 300 350 400
frequency [MHz]
(©

Fig.6. Radar cross section of tree trunks composed of permittivityes (5 — h . " g :
il — jo /weo), with conductivitys = 0.01 S/m, 5 m trunk height, and the half in Fig. 5 than in Fig. 4 due to the enhanced electrical size of the

space is modeled as Puerto Rico clay [22]. The trunks are normal to the air-;ai}get with increased permittivity. In this context, note that in

interface, and the plane wave is incident at 385°, and 60 relative to the
normal to the air-soil interface. (a) 30-cm tree diameter, (b) 40-cm tree diame

and (c) 50 cm tree diameter.
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Fig. 7. Radar cross section féf H 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 — jo/weg) with conductivitys =

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

fl9. 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

case, and therefore the approximate series solution is expeareHanced computational requirements (see Section IIIA) as the
to be less accurate for this polarization.

target permittivity increases. It is interesting to also note that,

In Fig. 5, we consider the same example as in Fig. 4, bigr the higher permittivity in Fig. 5, the agreement between the

now the permittivity and conductivity of the target are raisedpproximate and MoM-computed RCS is very good bH
toe = o(10 — j2 — jo/wep) ando = 0.02 S/m. We expect less polarization, while being slightly less good V.
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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 i

incident 50 from the axis of the tree trunk. (&) = 0°, (b) ¢ = 45°, (¢c) ¢ = 135°, and (d)¢ = 180°.

C. Angle of Incidence The frequency-dependent soil parameters are again characterized
Inthe previous setof examples, the angle ofincidence was hagiPuerto Rico clay [22]. As expected, the increasing tree-trunk
constant while other parameters were varied. When performiéigmeter (with all other parameters fixed) principally results in a
synthetic aperture radar (SAR) measurements, the angle betwgldiflingoftheRCScharacteristicstolowerfrequencies. Aswehave
the tree trunk and sensor is dictated, for a fixed sensor height,feynd throughout, at frequencies greater than approximately 30
the distance between the sensor and scatterer. ConsequentlyMig.theld HRCSisconsistentlystrongerthariits’counterpart.
identical tree trunks at different portions of the SAR image will From Fig. 6, we note that the angle of incidence has animpor-
be interrogated with distinct angles of incidence. We therefot@nt effect on the tree-trunk RCS, with this particularly true for
examinetheeffectoftheincidenceangleontheRCSofatreetrunkoH polarization. In fact, at low frequencies theH RCS is al-
flatterrain,assumingthe samesoiltypeasinFigs. 3-5. We consit#rst independent of incidence angle, with a larger variation oc-
tree trunks composed of permittivity= ¢,(5 — j1 — jo/wep)  curring with increased frequency. This is to be expected, since
and conductivityr = 0.01 S/m, with 5 m height. In Fig. 6(a)—(c), for V'V polarization there is relatively strong penetration into the
we plotthe computed RCSfor tree diameters of 30, 40, and 50 dnee trunk, and the scattering induced by the transmitted compo-
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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 antile betwee
sensor and tree-trunk axis is fixed at’5@nd a 35 SAR aperture is assumed, relative to the tree axis. Results are shown for apertures centered at the azimuthal
positions (see Fig. 1p = 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 positiong read® and¢ = 180°, and strongest near = 90° (see Fig. 8). (a}/V'
polarization and (b} H polarization.

nentis expected to be a strong function of the incidence angle. Bgpect to the terrain slope (see Fig. 1). The BoR MoM model
contrast, this is expected to be a much smaller effedtiféirpo-  is inappropriate for this example, and therefore, all associated
larization, for which the penetration s relatively small. MoM data have been computed with the triangular-patch model.
We consider an incidence angle of5@lative 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

We next consider the scattered return from a tree trunk owera constant radius relative to the tree axis. For reference, the
a sloped terrain, with soil electrical parameters characteristicafimuthal positiong = 0° and¢ = 180° are shown in Fig. 1.

D. Tilted Terrain

Yuma soil with 10% water content [20]. A 1Gslope is con-  In Fig. 7, we consider the RCS fdf H polarization. Since
sidered, with a tree trunk of 30 cm diameter, 5 m height, pdier this incidence angle and terrain slope mechanism i) is not
mittivity ¢ = ¢o(3 — j0.5 — jo/wep), and conductivityy = observed in backscatter, the RCS calculations in Fig. 7 include

0.005 S/m. The tree trunk axis makes an anjle= 80° with mechanisms ii)-iv). For the casg = 0° and¢ = 180° in
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Fig. 7(a) and (b), respectively, we see the agreement betwéem is assumed uniform over approximately Bsimple back-
the MoM and approximate solutions is relatively good. It is inprojection of the time domain fields (as in Fig. 8) is used to form
teresting to note that in this case, unlike in the previdlld the SAR image. In Fig. 9, we present SAR images using data
results (for flat terrain), there are sharp dips in the frequency-dmmputed via the triangular-patch MoM model, for six different
pendent RCS response. This is because here, unlike in Figs. £efiter positions of the 35aperture. In particular, we consider
there is no dihedral response i) in Fig. 1 to dominate the RC&ertures centered at2®0, 80°, 110°, 140°, and 160, where
Hence, the frequency-dependent interference between the offigr 9(a) and 9(b) are far V andH H polarization, respectively.
scattering mechanisms dominates the RCS, yielding the charAs-expected from Fig. 8, the SAR image is a strong function of
teristics in Fig. 7. We also performed similar comparisons bthe aperture position. At particular positions [edy.= 160° in
tween the MoM and approximate solutions for & polar- Fig. 9(b)], theimage is characterized by two strong regions, these
ization, and in that case the agreement between the MoM diketly due to separated responses from mechanisms iii) and iv),
approximate solution was considerably worse. while for other sensor positions, these two returns coalesce into a
When the tree trunk is normal to the air-ground interface, tisingle strong return.
scattered fields are independent of the azimuthal afglend
the cross-polarized bac_kscattered fields are zero. We now ad- IV. CONCLUSIONS
dress theb-dependent signature for the sloped-terrain example
considered in Fig. 7. The time-domain backscattered fieldsThree models have been presented for electromagnetic scat-
for ¢ = 0°,45°,135° and180° are shown in Figs. 8(a)_8(d),tering from a tree trunk over a half space. Two of the models
respectively. Due to bisectional symmetry, the cross-polarizé¢re based on the MoM, with one MoM model restricted to
backscattered fields vanishgat= 0° andé = 180° (see Fig. 1). the special case of a body of revolution (BoR) and the other
In all cases the incident plane wave has an afigie 50° relative  €mploying a general triangular-patch basis function decomposi-
to the tree axis, with an incident-pulse shape as in Fig. 2. A cloéen. In addition, we considered an approximate model based on
inspection of the results in Fig. 8 féf H andV'V polarizations the series-expansion solution for scattering from an infinite di-
reveals that, for a given polarization, the initial scattered wavelectric cylinder. For the VHF frequencies considered, we found
form, representative of mechanismiii) in Fig. 1, is independentft the approximate solution was in excellent agreement with
the azimuthal orientatiop. Further, theoretically, there shouldthe numerical solutions foff  polarization, with this agree-
be no cross-polarized component to mechanism ii), since tf@nt degrading slightly for'V" polarization (for the sloped-ter-
top of the target is theoretically rotationally symmetric, antfin case, the approximate solution was particularly poor for
mechanism ii) is independent of the ground slope. However, il polarization). The numerical models were employed to in-
Fig. 8(b) and (c) we note that there is a small cross polarizeg@stigate the backscattered signature from a tree trunk in both
diffracted component representative of mechanism ii). Thistise frequency and time domain. Results were presented as a
due to the fact that the triangular-patch discretization yieldsfénction of tree-trunk height, diameter, and electrical parame-
target mesh that is not exactly rotationally symmetric [4], [12]ers. Moreover, we considered the backscattered RCS for var-
Hence, the small initial diffracted component in Fig. 8(b) anius incident angles. We also considered backscattering from a
(c) is reflective of this asymmetry. tree trunk on sloped terrain, both in the time domain and in the
After the arrival of mechanism ii), there is a stronger scatter&sAR image domain. These examples have demonstrate that, de-
waveform, which appears to be the compositaved pulses, spite the relative simplicity of the tree-trunk target, the associ-
slightly delayed with respect to each other. This representatiated scattering phenomenology is quite complicated and must
of two delayed pulses is particularly clear, for example, in tHee considered carefully in the context of foliage penetrating
H H signature of Fig. 8(b). We attribute these two time-delayd@fOPEN) radar.
waveforms to mechanisms iii) and iv) in Fig. 1. For some of the Despite the fact that, to our knowledge, this paper represents
examples, there is appreciable scattered energy that comes ldemost rigorous analysis of tree-trunk scattering to date, there
in time, this reflective of multiple interactions. It is clear fromare still many issues that need to be addressed further. In par-
Fig. 8 that the transient scattered fields from a tree trunk oviszular, we demonstrated in Fig. 1 that there are four principal

sloped terrain are a strong function of orientation. scattering mechanisms of interest for tree-trunk scattering. Two
] of these, ii) and iii) in Fig. 1, are driven by diffraction from the
E. Synthetic Aperture Radar top of the tree trunk. Unfortunately, this is the least realistic as-

The results in Fig. 8 indicate that the time-dependent scattef@tt of the scattering model. Dihedral scattering between the
waveform is a strong function of orientation for a tree trunk ovéree-trunk surface and the soil interface is accounted for accu-
aslopedterrain. A synthetic aperture radar (SAR) system impli@tely, but this phenomenon is not generally present for the case
itly views a target from multiple orientations. To address the in®f sloped terrain. For such circumstances, the scattered fields
pact of the aspect-dependent signatures in Fig. 8 on a subseqaoentputed by the simple model in Fig. 1 are driven in large part
SARimage, we consider a SAR system that is flying in a circuléy diffraction at the “top” of the tree trunk, this being a simple
path around the tree trunk considered in Fig. 8 (with the sarapproximation for the scattering mechanisms of an actual tree.
10% Yuma soil [20]). The SARis positioned such that a constafhhus, for the flat-terrain case the principal (dihedral) scattering
angle of incidence exists between the sensor and the tree axis amethanism is well represented, but for the tilted-terrain case
asin Fig. 7, this is assumed tofse= 50°. The SAR is assumed there are significantly more approximations. Consequently, the
to span a 35aperture with respect to the target center, and heseattering physics predicted by the model must be validated by
each aperture position is weighted equally i.e., the antenna patasurements. Moreover, the triangular-patch model is appli-
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cable to general dielectric targets in the presence of a layergth]
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[12]
of interest. We have emphasized throughout, however, that the
computational burden of such electrically large problems is Prop 3
hibitive for the MoM solver. The limitations in the MoM have
been ameliorated of late through development of the fast multit4]
pole method (FMM) and the multilevel fast multipole algorithm
(MLFMA) [23]-[25]. These methods have been used primarily[15]
for free-space scattering [17], [18] and for perfectly conducting
targets over a half space [25]. For the targets of interest herg,,
the FMM/MLFMA must be extended to general dielectric tar-
gets over a half space.

We close by acknowledging that, despite the large numbe[57
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-radiu&-e!
tree trunks, like those considered here, the BoR and trian-
gular-patch MoM models are also applicable to more generdl9]
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 trefg0]
trunk shapes (e.g., elliptical cross section). We found in the
course of thiswork, for example, that small changesinthe heighty;
dependent tree radius (appropriate for the BoR model) produce
relatively modest changes in the backscatter RCS. A furth?
investigation of such higher-order effects may also be warranted,

the focus here being on the principal scattering mechanisms.
(23]
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