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Electromagnetic Scattering From Foliage
Camouflaged Complex Targets
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Abstract—In this paper, a hybrid target–foliage model based
on existing electromagnetic techniques is developed to investigate
the scattering behavior of hard targets embedded inside a forest
canopy at high frequencies. The proposed model is composed of
two basic scattering models, one for foliage and the other for the
hard targets. The connection between these two models, which
accounts for the interaction between the foliage scatterers and
the target and vice versa, is accomplished through the application
of the reciprocity theorem. Wave penetration through the forest
canopy and near-field and far-field scattering from the canopy’s
constituents is calculated using a coherent discrete scattering
model that makes use of realistic tree structures. Calculation of
scattering from a hard target illuminated by the reduced inci-
dent field and the scattered field of nearby vegetation is carried
out using an iterative physical optics (PO) method formulated
for fast computation of foliage–target interaction. To reduce the
number of iterations, geometrical optics (GO) approximation is
initially used for determining the shadowed areas over the hard
target when illuminated by individual foliage scatterers. Fur-
thermore, using a scaled measurement system at millimeter-wave
frequency, the accuracy of the iterative PO model is demonstrated,
employing a complex target that occupies a volume as big as
86λ × 33λ × 20λ.

Index Terms—Electromagnetic (EM) scattering, hybrid solution
methods.

I. INTRODUCTION

D ETECTION and identification of hard targets camou-
flaged inside vegetation canopies are among the most

challenging problems in remote sensing [1], [2]. Recent ad-
vanced capabilities of synthetic aperture radar (SAR) and inter-
ferometric SAR sensors such as multifrequency, multibaseline,
and multipolarization features have made a wide range of both
civilian and military applications possible. Civilian applications
include search and detection of archaeological sites, crashed
airplanes in forested environments, and foliage attenuation
measurements using trihedrals placed under forest canopies.
Military and law enforcement applications include detection
and identification of foliage-camouflaged vehicles and facil-
ities. To develop effective detection and identification meth-
ods for such purposes, the phenomenology of electromagnetic
(EM) wave interaction with foliage and hard targets embedded
in forest canopies must be thoroughly understood. Basically,
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a complete sensitivity study of backscattered fields to different
parameters such as different realizations of the forest, different
incidence angles, polarizations, and frequencies of the incident
field will allow for investigation of applicability of novel detec-
tion and identification algorithms, as reported in [3]–[5].

EM scattering from targets inside foliage may be studied
using three basic approaches, namely: 1) analytical; 2) exact
numerical; and 3) experimental/empirical. At very low frequen-
cies, scattering from the forest itself may be rather small, and
scattering behavior from the hard target is not much different
from that of the target without the forest. In this case, the
foliage can simply be modeled as layered homogeneous di-
electric media with different effective dielectric constants. EM
scattering in stratified media can be analytically solved, and
consequently, closed-form expressions for low-frequency scat-
tering from foliage can simply be obtained.

At microwave frequencies, on the other hand, scattering and
attenuation from foliage are rather significant, and their effects
on total backscatter and foliage-covered target backscatter must
be carefully accounted for. For the problem at hand, modeling
the forest by randomly distributed particles and solving the
problem of scattering from obscured targets inside random
media is not sufficiently accurate. It has been observed that
backscattering from and attenuation through the forest is sig-
nificantly affected by the tree structures [6], [7].

Next, exact numerical simulations such as the finite-
difference time-domain (FDTD) technique have been suggested
for evaluation of scattering from objects inside random media
[8] and scattering from forest [9]. The application of brute-
force numerical methods is, however, limited to very high
frequencies (VHFs) and lower [9]. At microwave frequencies,
overall dimensions of a tree are much larger than a wavelength,
and therefore, computation of the scattered field from a number
of trees and their interaction with the target becomes computa-
tionally intractable.

Finally, scattering from targets inside forest can be studied
experimentally using radar systems. Experimental and empir-
ical approaches for phenomenological studies are oftentimes
rather limiting due to the lack of comprehensive data sets and
the accompanying ground truth. Such methods are, however,
very useful for proof of concept and demonstrations [10]–[12].

In this paper, we propose an accurate EM model for scatter-
ing from foliage-camouflaged targets at microwave frequencies
that accounts for first-order near-field foliage and hard target
interactions. This model is constructed from a number of an-
alytic EM tools assembled in a unique fashion for fast and
accurate computation of scattered fields using well-known EM
theorems. To simplify the problem, the scattering domain is
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broken into two parts. The first part of the problem is related
to the computation of field propagation through and scattering
from foliage. The second part of the problem pertains to the
characterization of scattering from the target illuminated by the
attenuated incident field and the scattered field from all nearby
foliage particles. The forest scattering model is based on the co-
herent scattering model developed previously [7], [13], and the
target model is based on high-frequency techniques. The con-
nection between these two scattering domains is accomplished
using the reciprocity theorem [14], [15]. To avoid brute-force
time-consuming foliage–target scattering interaction by myri-
ads of vegetation particles around the target, an efficient itera-
tive physical optics (PO) approach is implemented [16]–[19].
The main contribution of this paper is in the construction of
a comprehensive foliage–target model that is computationally
tractable. This model accounts for scattering from foliage, hard
target, and near-field interaction of foliage and the hard target.

This paper is organized as follows. An EM scattering model
used for the estimation of scattering from and propagation
through foliage is addressed in Section II. In Section III, a
hybrid geometrical optics (GO) and iterative PO formulation
is presented, which provides the induced surface current on a
hard target excited by the incident wave and scattered fields
from all nearby foliage scatterers. In Section IV, a general for-
mulation based on the reaction theorem is used, which allows
for simple calculation of the backscattered field, including first-
order target–foliage interaction. Finally, simulation results of
camouflaged hard targets are presented in Section V.

II. EM SCATTERING FROM FOLIAGE

EM wave scattering from foliage has been investigated
intensely through different models [22], [23] and the Michigan
Microwave Canopy Scattering Model (MIMICS) [24]. For the
problem at hand, a coherent model capable of maintaining the
phase is needed. An accurate model based on coherent scatter-
ing theory has been proposed recently [7], [13]. In this model,
the vegetation canopy is composed of individual dielectric
cylinders and thin dielectric disks, which represent tree trunks,
branches, and leaves, respectively, arranged in a semidetermin-
istic fashion. The simplification is justifiable for tenuous ran-
dom media composed of lossy scatterers. The single-scattering
forest model also includes the interaction of the scatterers with
the ground plane, which is modeled by a half-space dielectric
layer. This interaction is accounted for through the application
of image theory, maintaining only the saddle point contribution.
The formulations for calculating the scattering and attenuation
caused by vegetation particles are derived analytically using
high- and low-frequency techniques [25], [26]. For precise
prediction of field behavior inside the canopy, the structure of
the trees must be preserved in the forest model. This is done
using a fractal-based model (known as Lindenmayer systems)
that can generate very complex tree structures with a finite
number of structural and botanical parameters.

Field computation must be carried out coherently to pre-
serve the phase of the scattered fields. Such a model is im-
plemented in [7], where scattering from each tree component
when illuminated by the mean field is calculated and the total

scattering is expressed as the coherent summation of all the
scattering contributions. The mean field is computed using
Foldy’s approximation, which accounts for the phase change
as well as extinction due to the scattering and absorption of the
tree particles. The model presented in [7] is valid for scenarios
where the observation point is outside in the far-field region of
the trees. This model is used to compute the backscattered field
from the foliage alone. Recently, a more advanced model was
developed [13], in which the observation point can be placed
inside the forest, possibly in the near field of some scatterers.
Scattering formulations for individual scatterers were modified
to achieve a uniform scattering solution for scatterers valid from
near-field to far-field regions.

The advantages of this model are given as follows: 1) abso-
lute phase response of the field is preserved; 2) the coherent
scattering mechanisms are accounted for; 3) tree architecture,
which is very important for accurate estimation of field on
the target, are taken into account; and 4) near-field scattering
from tree constituents have been captured using uniform for-
mulations valid from near-field to far-field regions. The co-
herent summation of all scattering contributions, including the
reflected waves from the ground plane, is computed to find
the total field at a given point within the forest canopy. The
total field inside the forest, which is composed of attenuated
incident field, its reflection from the ground, and the near-field
and far-field scattering from the forest components, is used as
the excitation source for the hard target.

In an experiment reported in [27], an estimate for the mean
value of the one-way foliage attenuation based on 26 sets
of measurement is provided, which can be used for foliage
model validation. Here, we compare the simulated and the
measured cumulative distribution functions (cdfs) for vertically
and horizontally polarized waves. The parameters of the pine
tree stand described in [27] are used to generate its fractal
model. The tree stand parameters are given as follows: tree
height is 14 m, crown thickness is 3.9 m, the average diameter at
breast height (dbh) is 19.8 cm, the stand tree number density is
0.23 trees/m2, and the tree trunk–main branch angle varies
between 40◦ and 50◦.

An observation point is placed at 0.5 m above the ground
plane. For 200 Monte Carlo simulations of a sample forest
stand consisting of 15 pine trees, which are randomly located
around the observation point, the electric fields along the ver-
tical and horizontal directions are computed. According to the
experiment, an angle of incidence equal to 40◦ and illumination
at 1.6 GHz is chosen. In this simulation, the reflected field
from the ground has been excluded to be consistent with the
measurement where the backscatter from a trihedral is used for
the computation of two-way attenuation.

Fig. 1(a) and (b) compares the simulated and measured data
where good agreement is shown. Here, L2

h and L2
v are the hor-

izontal and vertical one-way foliage attenuation, respectively.
The estimated mean values of the one-way attenuation factors
reported in [27] are 9.31 dB for horizontal polarization and
9.16 dB for vertical polarization. These values computed by
the simulation are about 9 dB for horizontal polarization and
9.4 dB for vertical polarization. The simulated values are within
the precision of the measured data, i.e., ±0.3 dB [27].
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Fig. 1. Comparison between cdf of the simulated and measured one-way
foliage attenuation for (a) horizontal and (b) vertical polarizations.

III. COMPUTATION OF INDUCED SURFACE CURRENT

At very low frequencies, the scattering effect of the forest
is rather small, and scattering behavior from the target is not
much different from that of the target without the forest. As
mentioned earlier, at high frequencies, the forest attenuates
and distorts the incident wave phase front significantly. The
computation of the scattered field from hard targets can be
pursued in two different ways, namely: 1) exact numerical
methods and 2) approximate analytic approaches [16]–[18].
Although exact numerical techniques can provide very accurate
results, their utility is rather limited at high frequencies due to
exorbitant computer memory and run times. This is especially
true for the problem at hand where the number of sources
illuminating the target can be as high as 105 or more.

Approximate analytic approaches, in turn, can be categorized
into two methods, namely: 1) geometric theory of diffraction
(GTD), which is based on ray tracing and computation of
diffraction at discontinuities, and 2) PO, which is based on ap-
proximating the surface or volumetric currents on the scatterer.
Noting that the number of scatterers around the target is very
large, ray tracing and GTD are not computationally tractable.
This difficulty is exasperated when the interaction of the scat-
tered field from the hard target and nearby forest scatterers
are needed as well. On the other hand, having tangential
components of the incident fields over the target is sufficient
to compute the PO currents. The PO approximation is known
to produce valid scattered fields in directions near specular
reflections off of scatterers, which tend to dominate other
scattering mechanisms. For the problem at hand, we are dealing
with a scattering scenario with multitudes of sources around the
target. Therefore, for any scattering direction with a very high
probability, there exists at least one specular reflection. This
significantly improves the accuracy of the PO approximation.

A challenging step in establishing the PO currents on a
hard target is the determination of the lit and shadowed points
on complex target geometries. Again, ray tracing from each
scatterer to the points on the target to determine whether they
are lit or shadowed is a time-consuming task. To circumvent
this difficulty, an iterative PO approach is considered, which can
automatically account for shadowing effects. The iterative PO
technique has been shown to be a very efficient high-frequency
approach for capturing dominant near-field multiple-scattering

Fig. 2. Geometry of a smooth convex object and shadowed areas for direct
and reflected waves for two different heights of the object above the ground
plane.

effects (excluding edge effects) from electrically large targets
[16]–[21].

To calculate the induced surface current on a metallic target
embedded in a highly scattering environment, a hybrid method
based on PO approximation is used. In this approach, first,
the forest scattering model is used to find the electric and
magnetic fields over the surface of the target. The magnetic
field is then employed to calculate the induced surface current
using Kirchhoff approximation. This approximation produces
accurate results where the local radius of curvature at any point
on the surface of the target is large compared to the wavelength.
This approximation does not handle diffraction from the edges
properly. Due to the existence of many scatterers around the
target, the total scattered field from the target will be primarily
dominated by the specular scattering contributions. Note that
contributions from edge diffraction are significantly lower than
scattering along specular directions.

To treat a complex object with PO approximation, the object
is first decomposed into many small flat elementary patches,
which have a simple geometry such as a rectangle or triangle.
Then, using tangent plane approximation, the current on the lit
region of the scatterer is approximated by [28]

J ≈ 2n̂×H =
−2i
koZo

n̂× (∇× E) (1)

where E and H are the incident electric and magnetic fields on
the object, respectively, and n̂ is the local normal unit vector
as shown in Fig. 2. One difficulty encountered in determining
the PO current of the target is identification of lit and shadowed
facets. Another issue with the shadowing is the absence of the
reflected rays from the ground because of the hard target itself.
As shown in Fig. 2(a) and (b), the shadowed area on the target
is a function of the target height above the ground. In what
follows, procedures for dealing efficiently with the shadowing
problem are introduced.
1) Simple Convex Object: Determination of lit and shad-

owed regions for convex objects is rather simple. Denoting the
incidence direction from any scatterer in the forest to a point
on the hard target or the direct incident wave by k̂d, the point
is considered lit if n̂ · k̂d < 0 and shadowed if n̂ · k̂d > 0, as
shown in Fig. 2. Here, n̂ denotes the outward normal unit vector
of the target surface. Due to the presence of the ground plane
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Fig. 3. (a) Geometry of a simple metallic target. (b) Comparison of backscattering RCS calculated by the exact EFIE method, the proposed hybrid GOPOPO
method, and a first-order PO approximation (GOPO) for an H-polarized incident plane wave.

for every incident wave on the target, a reflected ray from the
ground plane also exists. Denoting the direction of the reflected
ray corresponding to k̂d, by k̂r = k̂d − 2(ẑ · k̂d)ẑ, the lit and
shadowed points can also be easily identified for the reflected
rays. Generally, the blockage of the reflected rays by the target
can be considered by ray tracing. To simplify this step, it is
noted that for most practical problems, the target is sitting on
the ground plane, and hence, the area directly underneath the
target cannot produce reflected waves. This is important, since
the total field on the target is composed of two mean fields
(direct and reflected) plus four scattering terms from each scat-
terer. In situations where the ground reflection point happens to
be just under the target, its contribution to the total field must be
excluded. This is accomplished by placing a perfectly absorbing
layer on the ground over the area where the target sits [29].
2) Complex Hard Target: As shown in the previous section,

for simple convex objects, a GO approach can be used to find
the lit and shadowed areas on the object, and PO can be used
to find the surface electric current. This method henceforth will
be referred to as the GOPO approach. However, this approach is
not computationally efficient for targets with complex geome-
tries, particularly when we consider the large number of illumi-
nating sources around the target. For example, in a brute-force
approach for a target with Nf discretized facets, the computa-
tion time for determining the lit or shadowed facets is propor-
tional to N2

f for a single direction of incidence. Considering Ns

scatterers around the target, the total computation time is pro-
portional to 2NsN

2
f . The factor 2 here accounts for the fact that

there exists an image for every scatterer in the ground plane. In
addition, the GOPO accuracy for calculation of the radar cross
section (RCS) may not be sufficient when near-field multiple
bounces on the target itself are significant and/or typical dimen-
sions of the scatterer become comparable with the wavelength
[30]. For example, adjacent perpendicular facets on the target
can form a dihedral, which can produce significant backscatter.
Such contributions are not captured by a first-order PO approx-
imation. A glance at the geometry of a typical target, as shown
in Fig. 4(a), reveals the existence of such facets on the target.

To demonstrate this point, two simple objects such as two
perfectly conducting boxes are considered (see Fig. 3). The
induced surface current density on each point of the object can
be calculated from the magnetic field integral equation (MFIE)
[30] given by

J = 2n̂×Hi + 2n̂× L[J ] (2)

where the operator L[·] is defined by

L[J ] =
∫

surface

(r − r′) × J(r′)
(
ik0 −

1
|r − r′|

)
eik0|r−r′|

4π|r − r′|2
dr′.

(3)

Near-field interaction of the surface currents on a target is
responsible for certain scattering phenomena such as double-
bounce scattering, in dihedral, or triple-bounce scattering, in
corner reflector. In fact, a shadowing phenomenon can also
be attributed to near-field interaction of surface currents. The
current on the lit region produces a scattered field in the forward
direction that is almost equal and out of phase with the incident
wave. Hence, the sum of the scattered field and incident field
over the shadowed region almost cancel each other, giving rise
to a very small field there. The nonzero but small field in shad-
owed areas can be attributed to diffracted fields from the edges
and shadow boundary [31]. This suggests that keeping track
of multiple scattering can take care of shadowing problems
automatically. In addition, effects of multiple scattering can be
readily accounted for by an iterative PO approach.

Iterative PO has been used in the past to better estimate
induced surface currents near shadow boundaries for convex
objects [16], [17] or account for near-field multiple scattering
for concave objects [18]–[20], [30]. Here, we use this approach
to find shadow areas and capture higher order near-field scatter-
ing from complex targets embedded inside the foliage.

The starting point for the iterative PO solution is the MFIE

given by (3). To the first-order approximation, we have J
(1)

=
2n̂×Hi, which is the PO current. However, this approximation
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Fig. 4. (a) Structure and approximate dimensions of a simplified tank used for simulation at f = 2 GHz. (b) Electric current distribution over the hull of the tank
with the turret removed. (c) Current distribution over the entire structure for an H-polarized incident wave in the direction of θi = 30◦ and φi = 180◦.

does not formally recognize the lit and shadowed areas. Instead
of identifying the exact boundaries of the lit and shadowed areas
over a complex target, a simple condition is used to find the
primary shadowed areas first, and through a PO iteration, all
shadowed areas are determined automatically. This procedure
expedites the convergence of the iterative PO algorithm [20].
When calculating the field on the target for every source point,
a primary shadowing condition given by k̂ · n̂ < 0 is examined.
Here, k̂ is a unit vector from the source to the point on the sur-
face. Of course, for complex objects, there are shadowed points
(in concave regions) where k̂ · n̂ < 0, but correct shadowing is
achieved through iteration of the PO currents. Carrying on the
iteration process, the same approach is taken for capturing the
effect of higher order currents. That is, in computation of (3),
only the contribution of the points where

(r − r′) · n̂ < 0 (4)

is considered. In fact, (4), which is referred to as the shadowing
rule, has been used in iterative PO approximations to find, for

example, scattering from cavity structures [20]. Therefore, the
second-order PO current given by

J (2) = 2n̂× L
[
J (1)

]
(5)

will not only provide the double-bounce scattering over the lit
region but also remove the first-order currents erroneously put
over concave shadowed areas. Higher order currents can also
be obtained in a similar manner, i.e., J (m) = 2n̂× L[J (m−1)].
For most practical applications, iteration up to the second order
is sufficient. This second-order PO approach will be referred to
as the hybrid GOPOPO method.

The iterative GOPOPO method in [30] proposes a ray-tracing
approach (GO approximation) at its first step (first bounce) to
determine the illuminated parts of each panel of a trihedral
corner reflector. This is because the incident field is a plane
wave (the target is in the far field of the source). This approach
improves computation time as well as accuracy of the results,
because it does not go through numerical computation of MFIE
integral at the first step. However, as mentioned before, due
to the large number of sources around the desired target,
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Fig. 5. (a) Scaled model for a surrogate tank used for backscatter measure-
ments over the frequency range of 93–94 GHz. (b) Styrofoam target mount over
a turntable for backscatter measurement. Here, n̂ is the normal to the plate, and
δθ and δφ denote target orientation errors.

determination of the illuminated areas for each source is not
practically tractable.

To demonstrate this algorithm and its accuracy, let us con-
sider the scatterer shown in Fig. 3(a). For a plane wave in-
cidence, on facets # 2, # 3, # 4, # 5, and # 7 for which
n̂ · k̂ < 0, the first-order PO currents are placed initially. This is
despite the fact that facet # 7 is partially or totally shadowed by
facet # 5. The iterative PO should capture the double-bounce
scattering mechanisms between facets # 4 and # 3, and correctly
predict the shadowing of # 7 by facet # 5. To verify the proposed
hybrid GOPOPO method, the backscatter of a PEC body shown
in Fig. 3(a), with dimensions AB = 8λ, BC = 4λ, CD =
GH = 2.5λ, and DE = EF = 3λ and length of 10λ along
the ŷ-direction at a frequency of 2 GHz, is compared with the
backscatter RCS obtained from the method of moments (MoM)
using an electric field integral equation (EFIE) formulation. The
comparison is demonstrated in Fig. 3(b) for a transverse electric
(TE) polarized wave, where very good agreement is shown.
The discrepancies can be associated with the sharp edges of
the object.

This method was also applied to a complex object such as
a surrogate tank whose geometry is shown in Fig. 4(a). The
target is first discretized into a triangular mesh whose sides
are smaller than λ/2. For 2-GHz simulation, such a process
renders 325 300 triangular facets on the target. The electric
current distributions over the entire tank and over the hull are

Fig. 6. Comparison of the backscattering RCS values between the measured
and simulation results for (a) a rectangular PEC plate (20.3 × 9.5 cm) and
(b) the scaled tank at φi = 180◦ and different elevation incident angles of θi

and for vertically polarized incident field.

shown in Fig. 4(b) and (c) for a horizontally polarized plane-
wave illumination propagating along θi = 30◦ and φi = 180◦.
The shadowed area on the top of the hull is generated by the
turret roof and the gun, which is successfully predicted by the
hybrid GOPOPO method.

It should be noted that there are advantages and disadvan-
tages associated with the iterative PO approach. The advantages
of the method are: 1) in comparison with full-wave analysis ap-
proaches such as MoM, there is no need to store or invert a very
large matrix; 2) since it is based on high-frequency approxima-
tions much sparse discretization is needed [19]; and 3) depend-
ing on the structure of the target, the shadowing rule (4) can sig-
nificantly reduce the number of required computations (∝ N2

f ).
For example, for the structure shown in Fig. 3(a), where only
the double-bounce scattering is dominant in the backscatter
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Fig. 7. Calculated RCS of a 3λ × 3λ metallic plate over a lossy half-space embedded inside a pine forest canopy as a function of elevation and azimuth angles
(a) σhh and (c) σvv at 2 GHz. Also shown is the backscatter from the plate with and without foliage at φi = 180◦ and for different elevation angles. I-bar on the
mean value shows the fluctuation range of the backscattering cross section for ten Monte Carlo simulations. (b) σhh. (d) σvv.

direction, the computation time is proportional to 0.11N2
f ,

where Nf = 10 182. The main disadvantage of the iterative ap-
proach is that it may have a poor convergence, depending on the
structure (the number of important reflections) and observation
angles. Basically, for hard targets that have relatively deep con-
cave parts such as cavity structures iterations may proceed to a
large number, and for grazing angles to the aperture of the con-
cave section, it may not even provide accurate results [19], [20].
However, for the type of structures at hand, noting that the
target is being illuminated by myriads of nearby scatterers, it is
expected that the iterative PO will provide satisfactory results.

A. Model Validation

To validate the simulated backscattering RCS of the tank, a
scaled backscatter measurement at W-band frequencies is car-
ried out. In this experiment, the University of Michigan’s fully
polarimetric W-band radar system, which operates over the
frequency range of 93–94 GHz in a stepped-frequency mode,
is used. A scaling factor of s = 93.5/2 = 46.75 is used to com-
pare the measurements at 93.5 GHz with the simulation results

at 2 GHz. A precise three-dimensional (3-D) printer is used to
make the scaled tank model with an accuracy of a small fraction
of a millimeter. The 3-D printer uses plaster as the building ma-
terial; hence, metallic tapes are used to cover the structure. The
fabricated prototype tank is shown in Fig. 5(a). The radar, which
is used for measurement, is a coherent-on-receive system [32].
The receiver branch of the radar system has a dual-polarized an-
tenna capable of measuring simultaneously the magnitudes and
phases of both the vertical and horizontal polarizations of the
scattered field. The transmitter is a single-port antenna that can
transmit any arbitrary polarization. System distortion parame-
ters can be measured using two calibration targets [32], namely
a calibration sphere and any depolarizing target such as a 45◦

tilted cylinder. Knowing the distortion parameters, we can accu-
rately measure the scattering matrix from any unknown target.

To verify the accuracy of the measurements, the RCS of a
flat plate with a dimension of 20.3 × 9.5 cm is measured. In
these measurements, an elaborate setup for target and radar
alignment is needed. Basically, the RCSs of the targets that are
composed of electrically large flat plates are very sensitive to
the azimuth and elevation orientation angle errors [δθ and δφ,
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Fig. 8. Calculated backscattering coefficient of the pine stand as a function of elevation and azimuth angles of θi and φi. (a) σo
hh. (c) σo

vv. Also shown is the
backscattering coefficient at φi = 180◦ and for different elevation angles. I-bar on the mean value shows the fluctuation range of the backscattering coefficient
for ten Monte Carlo simulations. (b) σo

hh. (d) σo
vv.

shown in Fig. 5(b)]. Fig. 6(a) presents the comparison between
the measured and simulated backscatter from the flat plate
where good agreement is shown. In addition, experiments have
been repeated to ensure the repeatability of the measurements.

Fig. 6(b) shows a comparison between the measured and the
simulated backscattered RCS of the tank using the proposed
iterative PO approach for a vertical polarized incident wave at
φi = 180◦ and different values of θi. As shown, the iterative
PO very closely follows the trend of the measured RCS. The
discrepancies in the measured and simulated RCS values are
typical of very large targets (in this case, 86λ× 33λ× 20λ).
Sources of the errors include the following: 1) target alignment
with respect to the radar coordinate system (there are three de-
grees of freedom); 2) fabrication errors caused by shrinkage and
warpage; and 3) errors caused by placement of metallic tapes
and the seams. The effect of discretization is also examined by
reducing the pixel area by a factor of 2.25, and no differences
in the simulated results were noticed. The backscattered field
from the tank target shown in Fig. 6(b) is provided for 90 ele-
vation angles and three iterations per angle and computed using

16 AMD Athlon processors with a 2-GHz CPU and 1-GB
RAM. The approximate time for each iteration is about 18 h.

IV. COMPUTATION OF HARD

TARGET–FOLIAGE INTERACTION

The radar backscatter or bistatic scatter field may be de-
composed into three basic components. One component of the
scattered field emanates from the foliage directly. The second
component can be viewed as the direct scattering from the target
simply attenuated by the foliage above. This component retains
the original signature of the target. Finally, the third component
is composed of the scattered field interaction between the
foliage and the target as well as the target and the foliage. In
the previous section, the procedure for computation of surface
currents on the hard target that includes the effect of scattering
from nearby foliage was outlined. To compute the backscatter
from the target directly, the dyadic Green’s function in the
presence of the trees is needed. Noting that the tree components
are in the near-field region of the target, computation of the
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Fig. 9. Backscattered RCS of the metallic structure shown in Fig. 3, with dimensions of AB = 8λ, BC = 4λ, CD = GH = 2.5λ, and DE = EF = 3λ
and length of 5λ along the ŷ direction, placed above a lossy dielectric ground at a frequency of 2 GHz, as a function of the incident angle θi for φi = 180◦ inside
and outside the forest. The density of pine trees is 0.05 trees/m2. (a) σhh. (b) σvv. Direct backscatter from the forest is not shown in these figures.

Fig. 10. Backscatter RCS of the metallic tank shown in Fig. 4(a) at a frequency of 2 GHz as a function of the incident angle θi for φi = 180◦ with and without
the effect of forest. (a) σhh. (b) σvv.

Green’s function is very complex and time consuming. To sim-
plify the calculation of the backscattered field from the target,
inside the forest canopy, and account for the first-order target–
foliage interaction, the reciprocity theorem is used.

The reciprocity theorem has been used in the past to account
for first-order scattering interaction [14] and near-field to far-
field transition [15]. In this approach, the induced currents
and the total incident wave on the target, which are already
computed, are needed to formulate the backscattered field. This
way, foliage–target as well as target–foliage interactions can
be accounted for simultaneously. According to the reaction
theorem applied to a linear system composed of two sets of
sources and fields, which are denoted by 1 and 2, we have [28]

〈1, 2〉 = 〈2, 1〉 (6)

where, for example, 〈2, 1〉 denotes a surface or volume integral
of the reaction of source 1, with the fields radiated from source
2 at the location of source 1.

For our problem, the incident field on the target is composed
of the superposition of scattered fields from all tree constituents
such as branches, trunks, and leaves and the direct field attenu-
ated by the foliage (mean field). Each of these field components
can be decomposed into a direct and a reflected field from the
ground plane. Mathematically, this can be expressed as

E1 = (Ed + Er)mean +
∑

Scatterers

(Ed + Er) (7)

where the subscripts d and r stand for the direct and reflected
fields, respectively. Accordingly, the induced currents on the
target, which are designated here as the second source, can be
written as

J2 = (Jd + Jr)mean +
∑

Scatterers

(Jd + Jr). (8)
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TABLE I
RUN TIME REQUIRED FOR EACH REALIZATION OF THE FOREST AND EACH INCIDENCE ANGLE

Considering an elementary electric current source, which is
located at the point (radar position) rR, oriented along −p̂, and
having a magnitude given by

J1 =
4π

ikoZo

rR

eikorR
δ(r − rR)(−p̂) (9)

the backscattered field E2 can be easily achieved [14]. Here,
ko and Zo are the propagation constant and characteristic
impedance of the free space, respectively. Since the target is
assumed to be a perfect electric conductor (PEC), magnetic
current is not considered. The unit vector p̂ can be along ĥi

or v̂i, respectively, for horizontal or vertical polarization of the
incident field, which is defined in a global coordinate system
according to

ĥi =
k̂i × ẑ

|k̂i × ẑ|
v̂i = ĥi × k̂i (10)

where k̂i is the propagation unit vector of the incident field.
With these assumptions, it can be shown that using (6), each
component of the scattered field is expressed by

Spq = ± ikoZo

4π

∫
surface

E1p · J2q ds
′ (11)

where the subscripts p and q can be h or v for horizontal and
vertical polarizations. The first and second subscripts denote the
receive and the transmit polarizations, respectively. Since for
the backscattered field k̂s = −k̂i, we have ĥs = −ĥi and v̂s =
v̂i; therefore, the minus sign in (11) is chosen when p indicates
vertical polarization.

Since both E1 and J2 are computed in the presence of the
foliage around the target, the backscattered field computed from
(11) also includes the interaction of target scattered fields with
the foliage. It should be emphasized that the formulation given
by (11) only accounts for the first-order scattering interaction
between the hard target and foliage (and vice versa). Since in
practice, there are sufficient separations between the hard tar-
get and foliage, first-order scattering captures most significant
scattering interactions. This approach significantly simplifies
backscatter field computation. Finally, the RCS of the target can
be calculated from

σs
pq = 4π|Spq|2. (12)

V. SIMULATION OF HARD TARGETS

EMBEDDED IN FOLIAGE

To examine the importance of foliage in modifying the RCS
values and RCS signature of foliage-camouflaged targets, sim-

ulation of backscatter responses of simple targets in a pine
forest is examined. First, we consider a 3λ× 3λ horizontal
metallic plate placed 1 m above a lossy ground plane. For this
simulation, relative permittivity of the ground plane is set to
εr = 5.6 + i0.8, and the frequency of incident plane wave is
chosen to be f = 2 GHz. For calculating the PO currents,
the plate is meshed into 144 segments of λ/4 × λ/4 square
elementary patches over which the fields and the electric cur-
rents are considered constant. The backscatter RCS of the plate
in the absence of forest using the reciprocity formula given
by (11) is first compared with a closed-form PO expression
[33]. In spite of small discrepancies, caused by discretization,
excellent agreement is achieved for all incidence angles. Then,
a complete simulation, including ten pine trees with a density of
0.05 trees/m2 randomly located around the plate, is considered.
Pine trees are generated by the statistical L-system having an
average height of 15 m, a crown radius of 3 m, a crown height
of 10 m, a trunk radius of 10 cm, and more than 5000 scatterers
per tree.

Fig. 7(a) and (c) shows the plot of RCS of the plate alone
inside the forest as a function of azimuth and elevation inci-
dent angles in steps of 0.5◦ for each angle. Strong fluctuation
of RCS over a small angular range is indicative of signifi-
cant foliage–target interaction. It is also interesting to observe
that RCS variations along the elevation angle are more than
those along the azimuth angle. To investigate the sensitivity
of backscattered RCS from the plate to the tree arrangement,
ten independent realizations of the pine forest are considered,
and RCS values of the plate are computed. Fig. 7(b) and (d)
shows the statistical behavior of the backscatter RCS from the
plate alone at φi = 180◦ and for different elevation angles.
The limits for the I-bars are the maximum and minimum
RCS values observed in the realizations. As it appears, the
attenuation and scattering from the forest particles reduce the
average RCS and perturb the RCS pattern significantly. Con-
structive and destructive interferences result in substantial RCS
fluctuations.

Similarly, Fig. 8(a) and (c) shows the RCS of the forest
alone for different elevation and azimuth angles. It is observed
that the average level of the backscattered signal from the
forest as well as the fluctuation along the incident angles is
higher than that of the plate. As shown in Fig. 8(b) and (d),
the backscattering coefficient of the forest is almost constant
over the angular range of incidence angle. The backscattering
coefficient for vertical polarization (σo

vv) is about 5 dB less
than that for horizontal polarization (σo

hh). This is caused by
the reduction in the RCS of the ground–trunk component for
vertical polarization due to the Brewster angle effect on tree
trunks. In conclusion, changing the elevation or azimuthal
incident angles or realization of the trees around the target
has similar effects with changing the RCS of the plate. These
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simulations clearly indicate that simply modeling a forest by an
attenuation layer fails to predict such strong RCS fluctuations,
which are caused by the interaction of foliage with the target
and vice versa.

Fig. 9(a) and (b) compares the backscatter from a metal-
lic structure, as shown in Fig. 3(a), having dimensions of
AB = 8λ, BC = 4λ, CD = GH = 2.5λ, and DE = EF =
3λ and length of 5λ along the ŷ direction, placed above a lossy
dielectric ground plane, as a function of the incident angle θi at
φi = 180◦ for one realization of the pine forest. Frequency of
operation is set to 2 GHz. Due to the presence of tree trunks,
in forward scattering, a horizontally polarized wave has more
penetration through the foliage than the vertically polarized
wave. Therefore, as shown in Fig. 9, it is observed that the
average target RCS at horizontal polarization is higher than
that at vertical polarization. Fig. 10(a) and (b) compares the
backscatter from the metallic tank, as shown in Fig. 4(a). In this
simulation, the scattering effect of two adjacent trees, which are
located at (7,0) and (−7,3), are taken into account.

It is observed that this hybrid target–foliage model is capable
of simulating a large domain of computations. The run time
is basically determined by the number of discretized facets,
the structure of the target, the number of included trees (scat-
terers) around the target, the frequency of operation, and the
processors’ features. In addition, the run time would increase
if the fields or currents on the target are intended for stor-
age. In fact, simulations provided in this paper are run by a
personal computer, and more complicated and larger targets
can be simulated using parallel computers. Table I shows the
estimated run time of simulations provided in this paper for
each realization of forest and each incidence angle. It should
be noted that for simulation of the plate, as shown in Fig. 7,
169 different angles, and for each angle, ten different realiza-
tions of the forest have been considered.

Comparing the forest backscatter obtained from σo, as shown
in Fig. 8 multiplied by the radar footprint or pixel area, with
that of the target shown in Fig. 9, the signal-to-clutter ratio
may be a small quantity, depending upon the pixel area. To
enhance the signal-to-clutter ratio, the polarization signature
of the target and the clutter can be studied to discriminate the
target backscatter response from that of the clutter.

VI. CONCLUSION

A novel computationally efficient hybrid target–foliage
model is developed for investigating methods for detecting
foliage-camouflaged targets. The model is based on the reci-
procity theorem for calculation of backscattering and a hybrid
GOPOPO method for efficient calculation of induced currents
on hard targets embedded in the foliage. The proposed method
for calculation of RCS is verified using the MoM and RCS
measurement of a scaled model at millimeter-wave frequencies.
In addition, a sensitivity study has been carried out to demon-
strate the sensitivity of the backscatter from metallic targets
under forest canopies to the polarization, incidence angle, and
forest realizations. The results clearly indicate the significance
of the scattering from tree components on the target response at
the microwave frequencies as low as 2 GHz.
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