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Abstract—In this paper, with reference to short-pulse threedimensional scattering from moderately rough surfaces, we
present a comparison between Gabor-based narrow-waisted
Gaussian beam (NW-GB) and finite-difference time-domain
(FDTD) algorithms. NW-GB algorithms have recently emerged
as an attractive alternative to traditional (ray-optical) high-frequency/short-pulse approximate methods, whereas FDTD
algorithms are well-established full-wave tools for electromagnetic wave propagation and scattering. After presentation of
relevant background material, results are presented and discussed for realistic parameter configurations, involving dispersive
soils and moderately rough surface profiles, of interest in
pulsed ground penetrating radar applications. Results indicate a
generally satisfying agreement between the two methods, which
tends to improve for slightly dispersive soils. Computational
aspects are also compared.
Index Terms—Electromagnetic (EM) scattering by rough surfaces, finite-difference time-domain (FDTD) methods, Gaussian
beams, ground penetrating radar.

I. INTRODUCTION

F

OR high-resolution noninvasive near-surface sensing and
detection of buried objects, ground penetrating radar
(GPR) has emerged as a reliable modality. Subsurface characterization is important for many applications, such as: buried
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waste analysis and remediation, ground-water survey, land
mine detection, and excavation planning. Impulse GPR systems
operate by transmitting a very short microwave pulse into the
ground and observing the returning signal scattered by target
objects. The relative electrical characteristics of the scattering
objects, their distances from the radar, and their sizes can often
be predicted with reasonable accuracy, and without ground
contact. The degree of wave scattering is directly related to the
size and electromagnetic (EM) contrast of the scatterer.
To computationally model the subsurface scattering process,
it is necessary to accurately determine the EM fields refracting
through the ground interface. In nature, the surface of the ground
is usually rough, with random variation of surface height and
separation between peaks. Since the degree of roughness is often
a significant fraction of the length scale of the sensing geometry—the target size, its buried depth, the field wavelength—it
is essential to incorporate this medium interface in field modeling. In addition, since the scattering of near-surface objects
occurs in the nea rfield of GPR antenna systems, high-resolution methods are necessary. To compute the field generated by a
realistic impulse GPR above and below a rough ground surface,
only a limited number of models are available (for example, see
[1]–[4] and the references therein). We consider the time domain
Gabor-based narrow-waisted Gaussian beam (NW-GB) and finite-difference time-domain (FDTD) methods for addressing
this difficult and important problem.
NW-GB algorithms have emerged during the last decade
as an attractive alternative to traditional ray-optical high frequency (HF) methods in frequency-(FD) and time-domain
(TD) applications. In the FD, the NW-GB propagators can be
tracked effectively via the complex-source-point (CSP) technique, which reduces the computationally intensive complex
ray tracing for collimated GB propagation and scattering to
quasireal ray tracing, without the failure of strictly real ray
field algorithms in caustic and other transition regions. NW-GB
algorithms have been shown to furnish particularly efficient and
robust predictions for wave propagation in complex configurations irradiated by extended planar aperture distributions (see
[5] and the references therein for a recent review). In particular,
these algorithms have recently been applied to two-dimensional
(2-D) time-harmonic [6] and pulsed scattering [2] from, and
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Fig. 1. Problem schematic. (a) A dielectric halfspace (soil) with relative dielectric permittivity  and electric conductivity  , bounded by a moderately rough
interface z = h(x; y ), is illuminated by an aperture-generated pulsed field impinging from free space. (b) Quasi-plane-wave tapered illumination generated by the
aperture field distribution in (2) (section at y = 0). Parameters are chosen so that the illumination tapers to zero for jxj; jy j > d=2.

transmission through, moderately rough dielectric interfaces,
and utilized as efficient forward solvers in adaptive subsurface
imaging schemes [7]–[10].
For a different perspective, the reader is referred to [11]–[23],
where alternative (e.g., frame-based, collimated) beam summation schemes are proposed for various propagation and
scattering problems. In particular, [22] and [23] deal with
wave propagation and scattering in rough-surface scenarios,
using a phase-space GB summation which involves stochastic
scattering matrices for the coherent and incoherent fields, and
deterministic GB propagators.
In this paper, with reference to short-pulse moderately rough
surface scattering, we present the three-dimensional (3-D)
(vector) pulsed extension of the NW-GB algorithm; such extension will be referred to as NW pulsed-beam (NW-PB).
Validation, calibration and assessment of computational utility
are carried out via comparison with a solution based on a FDTD
algorithm. The FDTD method [24] has been extensively studied
for the problem of wave scattering from randomly rough surfaces
(for example, see [3], [25] and the references therein). Although
FDTD results have been previously compared to analytical
solutions based on integral equation techniques [25], a direct
comparison between FDTD and NW-PB results is carried out
here for the first time. In addition, the FDTD algorithm used in
the present work considers frequency dependent (dispersive)
electric properties for the soil. Including the dispersion effect,
which is most commonly omitted in previous studies, enables us
to examine the applicability range of the NW-PB algorithm in
relation to the electric properties of the realistic, dispersive soil.
The remainder of the paper is laid out as follows. In Section II,
the problem formulation is outlined. In Section III, the NW-PB
algorithm is detailed, starting with the underlying FD Kirchhoff physical optics (PO) approximation and proceding with its
NW-GB parameterization and eventual analytic inversion to the
TD. The FDTD implementation is described in Section IV. Numerical results and computational features are compared in Section V, for a variety of different problem parameters. Brief conclusions are given in Section VI.

II. PROBLEM FORMULATION
A. Generalities
The problem geometry is illustrated in Fig. 1. A homogeneous dielectric halfspace (soil), bounded by an irregular inter, is illuminated
face described by a continuous function
by a pulsed EM field impinging from free space [Fig. 1(a)]. In
what follows, attention is restricted to the vector electric field
,
, from which the vector magnetic field can be computed via Maxwell’s equations. Here and
henceforth, bold face symbols denote vector quantities, and
denotes a unit vector.
B. Incident Field
The incident field impinging on the surface with angle
is assumed to be generated by a large truncated 2-D aperture
, where the tangential electric field
of width at height
is assigned
distribution
,
otherwise.
(1)
is a spatial shift which can be used to adjust the ilIn (1),
lumination, and, without loss of generality, an -polarization is
assumed. As in [2], attention is focused on pulsed well-collimated illuminations generated by separable linear-delay spacetime field distributions

(2)
In (2),
is a Gaussian taper function,
is the free-space wavespeed,
is a short pulse of length
, and
denotes the tilt angle of the radiated beam relative
to the axis [Fig. 1(b)]. The relevant parameter configuration
(
,
, and
) is chosen so as to render the illumination
spatial spreading and its temporal distortion negligible at the
air-soil interface. Moreover, for a given incidence angle , the
is adjusted so that the illumination tapers to
aperture shift
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zero for
, as shown in Fig. 1(b). Accordingly, as in
[2], in the NW-PB algorithm the incident field is approximated
in terms of a pulsed tapered quasi-plane transverse-magnetic
wave

The soil is described in terms of an effective complex relative
permittivity
(7)

(3)

In the remainder of this section, the explicit -dependence in
field quantities will be omitted for simplicity of notation.
1) Physical Optics Formulation: As in [2], the FD formulation here is based on the Kirchhoff physical optics (PO) approximation [29] to synthesize the reflected and transmitted fields
(see also the discussion and additional references in [2, Sec. IIIA]). In this framework, the FD reflected and transmitted fields
( and , respectively) are synthesized by integration of a PO
over the illuequivalent magnetic surface current (EMSC)
minated interface profile (E-formulation [29])

where
centered coordinates [Fig. 1(b)]

, and

are beam

(4)

C. Soil Model
The soil halfspace
is assumed to be nonmagnetic, homogeneous, and characterized by a relative dielectric
and an electric conductivity
. The interpermittivity
is assumed to be moderately rough (both
face profile
. In realistic
in height and slope), with undulations
soil [26], the constitutive parameters
and
depend on
frequency in view of dispersion effects. In its present form,
the NW-PB algorithm (see Section III-B) does not allow for
dispersion effects, and thus the soil constitutive parameters
are approximated in terms of constant values evaluated at the
center frequency of the illuminating pulse. In the FDTD model
(see Section IV), dispersion effects are fully taken into account.
III. THE NARROW-WAISTED PULSED-BEAM ALGORITHM
In the 2-D case detailed in [2], the TD formulation is based on
a FD Kirchhoff PO approximation. In this connection, NW-PB
syntheses for the reflected and transmitted fields are obtained via
local (adiabatic) application of the algorithm in [27] for NW-PB
synthesis of radiation from 1-D planar aperture field distributions. Here, the same route is followed, and reliance is made on
the vector NW-PB synthesis developed in [28] for the radiation
from 2-D planar aperture field distributions. In what follows,
the FD-PO formulation is briefly reviewed, and its NW-PB discretization is presented. Discussion relies heavily on [28], with
precise citations attached to each of the results extracted from
there. Capital letters identify FD field quantities.
A. Frequency-Domain Formulation
In the FD formulation, the Fourier spectrum
pulsed tapered quasi-plane-wave illumination
considered

of the
in (3) is

(5)
are the incident-beam coordinates in (4),
is the free-space wavenumber (with denoting
the free-space wavelength), and
is the spectrum of the
pulse
where

(8)

In (8),
,
,
,
extends over the illuminated portion of the surface,
denotes the differential surface element, and denotes the FD
3-D scalar Green’s function
(9)
and
are
Following [29], the PO EMSC distributions
related to the tangential reflected and transmitted fields at the
via
air-soil interface
(10)
denoting the local outward unit normal to the interface
with
(see Fig. 2)
(11)
The reflected and transmitted fields at the air-soil interface are
approximated by solving local canonical plane-wave scattering
into the two
problems. By decomposing the incident field
and perpendicular
polarization states,
standard parallel
with respect to the local incidence plane (see Fig. 2), one obtains
via straightforward plane-wave algebra [30]
(12)
(13)
where the dependence on the position
has been omitted for simplicity of notation. In (12)
,
,
and
are unit vectors (see Fig. 2),
and (13),
and
and
are Fresnel plane-wave reflection and transmission coefficients for parallel and orthogonal polarization, respectively [30]
(14)

(6)

(15)
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where
(17)

(18)
(19)
(20)
Fig. 2. Local canonical plane-wave problem schematic. Section through
the local incidence plane defined by the incident field wavevector direction
u = sin  u cos  u and the local outward unit vector normal to the
interface u in (11). The unit vectors u and u represent the directions of the
reflected and transmitted field wavevectors, respectively. The unit vectors u ,
u and u represent the directions of the parallel-polarized ( ) components
of the incident, reflected and transmitted fields, respectively. The unit vector
u represents the direction of the orthogonal-polarized ( ) component of the
incident, reflected and transmitted fields. Incidence and transmission angles (
and  , respectively) are related via the Snell’s law, sin  =  sin  .

0

k

?

p

Incidence and transmission angles, and , respectively (see
Fig. 2), are related via the Snell’s law,
.
2) NW-GB Discretization: The FD-PO integrals in (8)
entail radiation from a locally varying time-delayed pulsed
aperture field distribution along the air-soil interface profile,
-domain
and therefore are similar to the Kirchhoff planar
aperture integrals analyzed in [28]. The analysis in [28] relies
on a Gabor-based, NW-GB discretization presented in [31],
[32], which is tied to a discretized lattice in a four-dimenspace-spectrum phase space, where
sional
are the spectral wavenumbers. In [28], the 2-D space-time
aperture field distribution is first parameterized in the FD in
-domain discretized
-indexed Gabor basis
terms of
functions with narrow width
, centered on the Gabor
, with Gabor expansion
lattice points
coefficients approximated by aperture profile sampling at the
lattice points. These initial conditions generate NW quasiray
GB propagators, which are efficiently approximated via HF
complex-source-point (CSP) asymptotics [28]. For planar apertures, frame theory can provide a rigorous framework to justify
the validity of the underlying approximations, thereby assessing
the range of applicability of the NW-GB discretization scheme
(see, e.g., [14], [16], [19]).
Our formulation here is based on the local (adiabatic) application of the FD NW-GB discretization in [28, Sec. III-B].
Although nonrigorous, a similar heuristic adaptation of the
NW-GB discretization scheme was applied successfully in
the 2-D case [2], where, via full-wave calibration, it was
found to provide satisfactory accuracy for moderate roughness
and nearly-vertical incidence (see also the discussion in Section V-C). Approximating the air-soil interface at each Gabor
as the local
lattice point
tangent plane, one obtains the following FD NW-GB syntheses
for the reflected and transmitted field (cf. [28, Eqs. (24)–(30)])
(16)

The vector expansion coefficients
in (17) are obtained
and
in (10).
via spatial sampling of the PO EMSC
The NW-GB CSP propagators
in (18) are obtained from
the 3-D FD Green’s function in (9) by analytic continuation of
the spatial coordinates into complex space via (19), with the
complex displacement parameters and given in (20), and
are launched from lattice points
at the air-soil interface along the local reflec,
or (see Fig. 2). In (18)
tion/transmission directions
and (19), the tilde identifies dependence on analytically continued CSP coordinates as well as the field produced thereby.
Due to the finite spatial extent of the illumination [
, see Fig. 1(b)], the summation in (16), with the approximate NW-GB coefficients in (17), involves a number
of aperture-filling beams.
B. Time-Domain Formulation
The NW-PB syntheses for reflected and transmitted fields
are obtained via analytic TD inversion of the FD NW-GB syntheses in (16), along the guidelines in [28, Sec. IV]. To facilitate
Fourier inversion, a few approximations are made. First, the soil
and
are assumed as frequency-independent.
parameters
Next, the wavenumber in soil is approximated as [33]
(21)
which is legitimate in the presence of slight losses
over the effective bandwidth of the pulse
. Moreover, the complex frequency-dependent Fresnel
reflection and transmission coefficients in (14) and (15) are
approximated by their (real, frequency-independent) values at
, denoted by
.
Anticipating Fourier inversion, the FD Gabor expansion coin (17) can thus be approximated as
efficients
(22)
where, recalling (5), (10), (12), and (13)
(23)
(24)

(25)
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at lattice points
in (19) [which is frequency-depenthe complex distance
in (20)] is approximated in terms of its first-order
dent via
Taylor expansion in

161

where the NW-PB propagators are given by

(36)
(37)

(26)
which was found to provide reasonably good results in the 2-D
case [2]. One thus obtains the following approximate expression
in (18)
for the FD NW-GB propagators

(27)
where the -dependence is explicitly indicated, the complex
in the vector amplitude has been nedisplacement
glected, and
(28)

(29)
(30)

(31)
With the above approximations, one obtains FD NW-GB syntheses for the reflected and transmitted fields that are completely
analogous to the one in [28] for the radiated field. One can thus
apply the analytic TD inversion procedure developed in [28,
Sec. IV] for the class of Rayleigh (differentiated Gaussian) excitation pulses
(32)
(33)
where
is a normalization constant, the superscript
indicates th order differentiation with respect to , and
,
denote the standard Gaussian pulse and its spectrum,
respectively

(34)
Accordingly, one obtains in a straightforward fashion the
following NW-PB syntheses for the reflected and transmitted
fields, and , respectively, (cf. [28, Eqs. (53)–(55)])
(35)

IV. FDTD IMPLEMENTATION
As already discussed in the introduction, the FDTD method
is used in the present work to provide a reference solution for
the NW-PB algorithm. Details on the well-established FDTD
theory can be found in [24]. In this section, we just present some
important aspects of the algorithm in relation to the application
of our interest, i.e., the scattering from rough surfaces for freespace/dispersive soil interfaces.
In the present work, for the FDTD algorithm implementation,
we use a total field formulation [24] based on the incident field
described in Section II-B. Moreover, we consider a dispersive
soil model as well as a nondispersive approximation to compare the FDTD and NW-PB results. The frequency dependent
electric properties of the soil are captured using a Z-transform
approach, based on a single-pole conductivity model [34]
(38)
where
, and
is the FDTD time step (note
that in [34] negative -powers are used in view of the different
time convention). The relative dielectric permittivity is assumed
to have a constant, average value
, and its dependence on frequency is captured by the imaginary part of (38).
This simple approach is based on the observation that for certain types of media such as soil and biological tissue, the lossy
dispersive wave equation is governed almost entirely by the
frequency dependent conductivity. Very good fit of the model
with measured data has been observed for the electric properties of dispersive soil as well as biological tissue. The method
has been compared to other standard approaches in the literature [35], and has also been validated with measured data for
the soil response in a GPR experiment [36]. The nondispersive
approximation considers constant permittivity and conductivity
for the soil, which are calculated by the dispersive models at
some central frequency of the excitation signal. Finally, a dispersive media Mur-type absorbing boundary condition (ABC) [37]
was used to prevent reflections from the computational lattice
boundary. This ABC was chosen due to its good performance
and much less computational cost than the uniaxial perfectly
matched layer (UPML) ABC.
Previous work on scattering from rough surfaces has shown
that the original FDTD implementation yields accurate results
for incident angles up to 45 [25]. In particular, it was shown
that more accurate approximations, such as the contour path
FDTD (CPFDTD), do not enhance the method’s performance
for smaller angles, and thus the conventional FDTD implementation is sufficiently accurate for our near normal incidence application. Another important aspect of the compatible FDTD
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Simulation geometry (cf. Fig. 1) and parameters. (a): Rough surface profile h(x; y ), with maximum-to-minimum height h
0:08 m and maximum
32 . (b) Gaussian taper function g (x; y ) (section at y = 0) in (39) with = 20 m
and d = 1 m. (c) Fourth-order Rayleigh pulse (j = 4,
= T =30 000, & = 1= 50) in (32) and corresponding spectrum (inset) in (33).

Fig. 3.
slope



p

model is the choice of the tapered incident wave, which must
ensure that diffraction artifacts are weak and do not distort the
calculated results. As shown already in Section II-B, the NW-PB
algorithm requires a Gaussian taper function, determined by a
taper parameter (see Section V-A below). FDTD runs with
different values of have confirmed that a careful choice of this
parameter can minimize diffraction effects to a level that does
not affect the accuracy of our results. Finally, balancing computational cost with accuracy, we choose the FDTD grid cell
, where
is the minimum significant wavelength of the excitation pulse in the soil. Therefore, the cell size
, and thus the FDTD time step , are distinct for each pulse
length and type of soil considered in the next section.
V. NUMERICAL RESULTS
A. Soil and Illumination Parameters
The simulation geometry considered for the parametric
analysis below is illustrated in Fig. 3. Specifically, Fig. 3(a)
, which was randomly
shows the rough surface profile
generated by extending to the 2-D case the 1-D quartic spline
model in [2], [6]. Although no specific roughness model
(e.g., Gaussian) was simulated, geometric parameters were
selected so as to mimic natural moderate roughness with maxand maximum slope
imum-to-minimum height
. The excitation pulse
utilized (fourth-order
Rayleigh) is shown in Fig. 3(b), and the Gaussian taper
(39)
used in the aperture field distribution in (2) is shown in Fig. 3(c).
Parameters in (2) and (39) are chosen so that the illuminated re[cf. Fig. 1(b)],
gion is confined in the interval
. In the parametric analysis below, a pulse length
with
(i.e.,
ns) of potential interest in UWB GPR
applications is considered. In the FDTD algorithm, this excitation is implemented as a soft source [24], with the tangential
electric field assigned at grid points on the illuminating aperture, according to (1) and (2) with (39). As mentioned in the

TABLE I
PARAMETERS FOR THE DISPERSIVE SOIL MODELS AT TIME STEPS
CORRESPONDING TO DIFFERENT PULSE LENGTHS AND SOIL TYPES

previous section, parameters are carefully selected so as to minimize truncation-induced diffraction effects.
Moreover, two realistic soil models of interest in humanitarian demining applications are considered: a) sandy soil with
3.88% moisture, which exhibits very small dependence of its
electric properties on frequency, and b) Puerto Rican (PR)
clay loam which features more significant, but still moderate,
loss/dispersion. The coefficients of (38) and the average relative
permittivity for the two soil types and the different time steps
’s, which depend on the pulse length
and the soil constitutive parameters, are given in Table I. Dispersive soil models
derived from data for the electric properties of different soil
types [26] are shown in Fig. 4. As discussed in Section III-B,
the present formulation of the NW-PB algorithm is based on
the assumptions of frequency-independent soil parameters and
slight losses. Accordingly, in this algorithm, the soil parameters
evaluated from
are approximated by constant values
the dispersion curves in Fig. 4 at the center frequency of the
, as seen from the inset in Fig. 3(b)]. The
pulse [
same values are used in nondispersive FDTD simulations, for
a direct comparison with the NW-PB algorithm. In addition,
FDTD runs using the dispersive model are compared to the
nondispersive FDTD and NW-PB approximations.
B. Results
1) Sandy Soil: We begin considering the slightly lossy/dispersive sandy soil model. From the dispersion curves in Fig. 4,
the following center-frequency values are extracted for the pulse
of interest:
,
.
length
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Fig. 4. Dispersion characteristics ( ;  versus frequency) for the two
soil types considered in Section V. Dispersion is captured by the single-pole
conductivity model (38), and the dots represent measured data.

Fig. 6.

As in Fig. 5, but transmitted field at subsurface observation point
NW-PB synthesis (
= 4 :4 ,
FDTD solution (full dispersive
model);
FDTD solution (nondispersive model with  = 4:4 and
 = 0:0375 S=m).
x


Fig. 5. Reflected field (x, y , z vector components) at observation point x =
y = 0, z = 0:4 m, for sandy soil with geometry and parameters as in Figs. 1,
3, 4, and with c T = 0:3 m, z = 0:35 m, x = 0 and  = 0.
NW-PB synthesis ( = 4:4,  = 0:0375 S=m, and d=L = 150);
FDTD solution (full dispersive model).

= y = 0, z = 00:2 m.
= 0:0375 S=m, and d=L = 150);

11 1 1 1 1

obtained using the same constant center-frequency soil parameters as in the NW-PB algorithm. Again, reasonably good
agreement is observed. Dispersion effects are not observed to
be significant for sand in this configuration, and it could be
concluded that the slight disagreement between FDTD and
NW-PB is most likely dominated by the other approximations
involved (Kirchhoff-PO, HF asymptotics, quasi-plane-wave
incidence). The same type of agreement has been observed
at various observation points in the near-zone of the interface
and
for reflected and transmitted field,
(
respectively) spanning the significantly illuminated region.
Satisfactory agreement has also been observed for observation
points situated directly above weakly illuminated regions, as
shown in Fig. 7. For a more quantitative and concise assessment of agreement and numerical convergence issues, we have
computed the r.m.s. errors

(40)
Typical reflected field temporal waveforms, obtained via
the NW-PB synthesis in (35) with
(i.e., 150
150 beams) are shown and compared with the FDTD solution
for the three vector components in Fig. 5. Reasonably good
agreement is observed for the co-polar -component [Fig. 5(a)]
and for the dominant cross-polar -component [Fig. 5(c)].
Poorer agreement is observed for the cross-polar component
[Fig. 5(b)], which is however very weak ( 20 times smaller
than the co-polar) and thus more sensitive to the various approximations involved. For the same parameter configuration,
typical results for the transmitted field below the surface are
shown in Fig. 6. In this case, to highlight possible soil-dispersion-induced effects, a third curve shows the FDTD solution

or , and the subscripts “
” and “ ” dewhere
note the FDTD and NW-PB solutions, respectively. For the parameter configuration in Figs. 5 and 6, the convergence of the
NW-PB synthesis is illustrated in Fig. 8, where the r.m.s. errors
( square root of the
in (40) are plotted versus the ratio
total number of beams). It is observed that for this configura(i.e., 150 150 beams) are sufficient
tion, values of
to stabilize the r.m.s. error around values
14 dB for the re11 dB for the transmitted field. Similar
flected field and
values are observed moving the observation points across the
significantly illuminated region, as summarized in Table II.
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TABLE III
AS IN TABLE II, BUT FOR VARIOUS INCIDENCE ANGLES  AND MAXIMUM
SLOPE
OF THE SOIL PROFILE. ERRORS ARE AVERAGED OVER THE FIVE
REPRESENTATIVE OBSERVATION POINTS IN TABLE I. THE APERTURE OFFSET
PARAMETER x IN (1) [SEE ALSO FIG. 1(b)] IS CHOSEN AS x = z tan 

0

Fig. 7. As in Fig. 5, but with observation point at x = y = 00:3 m, z =
0:4 m. Incident field is also shown to highlight the weak illumination.

Fig. 8. As in Figs. 5 and 6, but r.m.s. errors in (40) versus the ratio d=L
( square root of the total number of beams). The full dispersive model is
considered in the FDTD solution.
reflected field;
transmitted
field.



5



TABLE II
PARAMETERS AS IN FIGS. 5 AND 6. r.m.s. ERRORS IN (40) FOR VARIOUS
OBSERVATION POINTS SPANNING THE SIGNIFICANTLY ILLUMINATED REGION

In order to assess its range of applicability, we strained the
NW-PB algorithm by selecting parameter configurations near
the limit of the range of validity of the HF Kirchhoff-PO approximation. Specifically, by conformal scaling of the profile in
Fig. 1(a), we increased the roughness up to up to a maximum
and a maximum slope
.
height
We also considered the case of oblique incidence (

and 45 ). Results for three representative parameter configurations are summarized in Table III, in terms of the r.m.s. errors
(40) averaged over various observations points. Deterioration of
the agreement for these configurations should be attributed to
the more pronounced effects of multiple reflections which are
accounted for in the FDTD solution but ignored in the Kirchhoff-PO-based NW-PB synthesis. Similar results, not shown for
brevity, were observed for slightly larger pulse lengths (e.g.,
).
For the slightly-lossy sandy soil, there exists a calibrated range
, incidence angle
of parameters (max slope
) where NW-PB syntheses and FDTD display a reasonably
good agreement
dB , well within the typical uncertainty arising from imperfect knowledge of soil parameters in real-world GPR applications. It is worth pointing out that
the r.m.s. error metrics in (40) provide a rather severe assessment
of the agreement, since they penalize even slight temporal misalignments between the waveforms. We also considered another
performance metric, based on the maximum normalized crosscorrelation (MNCC), which is probably more meaningful from
a signal processing (matched filter) viewpoint; typical values
were found to be around 99% for the reflected fields, and around
96% for the transmitted fields.
2) Puerto Rican Clay Loam: As a second example of application, we consider a moderately lossy/dispersive Puerto Rican
(PR) clay loam soil. In this case, the following center-frequency
values are extracted from the dispersion curves in Fig. 4:
,
.
From a comprehensive database of comparisons between the
NW-PB syntheses and FDTD results, representative examples
are shown in Figs. 9 and 10, for the reflected and transmitted
waveforms, respectively. For the reflected field (Fig. 9), the dispersion effects are still negligible, and the agreement is still
comparable with that observed for the sandy soil (r.m.s. error
dB;
). For the transmitted field
(Fig. 10), a poorer agreement is observed (r.m.s. error
dB;
); this is presumably attributable to dispersion effects, which are now clearly visible from the difference between the two FDTD solutions (including and neglecting
soil dispersion, respectively). Qualitatively similar results were
found for other observation points spanning the illuminated re. Moreover, additional deterigion, as well as for
oration, qualitatively similar to that for the sandy soil case, was
observed for increased roughness and oblique incidence. These
results are not shown here for brevity.
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,
)
to moderate roughness (
and nearly-vertical incidence
.
The NW-GB coefficient approximate estimation via
PO current sampling, with beam spacings of the order
of the minimum significant wavelength in the pulse,
works sufficiently well in the presence of quasi-planewave excitation. Strong nonlinear delay profiles (e.g.,
focusing) in the illumination would require finer sampling (see, e.g., the discussion in [28]) as well as a
more accurate representation of the incident field. Application of different summation schemes, as those in
[11]–[23], would require nontrivial extensions in the
PB propagators involved.
The nondispersive approximation, which enables for
analytic inversion from the FD of the NW-PB transmitted-field propagator restricts the algorithm applicability to slightly-lossy soils. In some real-world GPR
applications, this may constitute a significant limitation.

D. Computational Features
Fig. 9. As in Fig. 5, but for Puerto Rican clay loam soil (
:
= ). r.m.s. error e
: dB.

0 122 S m

1 = 010 6

= 5:89,  =

For the NW-PB algorithm, typical running times for the ex150 beams) are
amples discussed in Section V (using 150
on the order of 2 secs. per space-time vector field sample (and
hence, for instance, about 8 min for the 250-point waveforms
in Fig. 5) on a 1 GHz commercial laptop, with modest storage
requirements (two 150 150 real matrices). These computing
times can be reduced of almost one order of magnitude by using
a coarser discretization (50 50 beams), at the expense of a
slight accuracy deterioration (see Fig. 8). For the FDTD algorithm, the cost is orders of magnitude higher: Depending upon
the excitation pulse spectrum and the soil electric properties,
which will determine the choice of and therefore the grid size,
execution running times on 667 MHz, 16 gigabyte RAM processors can range from one to several hours, while the storage requirements range from approximately one to several gigabytes
of RAM. However, for a fair comparison, it should be noted
that the FDTD algorithm entails field calculation over the entire space-time computational domain, whose discretization is
essentially dictated by accuracy and stability requirements.
VI. CONCLUSION

Fig. 10.

As in Fig. 6, but for Puerto Rican clay loam soil (

0:122 S=m). r.m.s. error 1e = 05 dB.

= 5:89,  =

Overall, the conclusions drawn in Section V-B-1, in connection with the sandy soil model, seem to hold here for the reflected field. For the transmitted field, the less satisfying agreement is likely attributable to the nondispersive approximation in
the NW-PB model.
C. Summary of Limitations in the NW-PB Algorithm
To sum up, the major limitations of the NW-PB model can be
related to the various approximations involved as follows:
The PO-based approximation of the equivalent curi)
rent, and the related local adiabatic adaptation of the
NW-GB algorithm, restrict the algorithm applicability

In this paper, we have presented a comparison between
FDTD and NW-PB algorithms for pulsed 3-D scattering from
moderately rough surfaces, which has demonstrated a satisfying
agreement between the two methods. This agreement depends
on several parameters of the problem, and is better for soil
types that are only slightly dispersive. Despite some limitations
of the NW-PB algorithm, its computational advantage over
the FDTD in determining the fields at isolated points can be
particularly important for its use in iterative inverse scattering
schemes, which are limited by computationally expensive forward models. This investigation also sets the stage for possible
use of NW-PB algorithms (within FDTD-calibrated parametric
ranges) in computationally affordable Monte-Carlo-based
statistical approaches for rough-surface-induced clutter characterization. Also of interest in current and future research is the
incorporation in the NW-PB algorithm of more sophisticated
material dispersion as well as PO scattering models.
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