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A Numerical Study of Scattering From an
Object Above a Rough Surface

Joel T. Johnson, Member, IEEE

Abstract—A numerical model is applied in a Monte Carlo study
of scattering from a three-dimensional penetrable object above a
lossy dielectric rough interface. The model is based on an iterative
method of moments solution for equivalent electric and magnetic
surface current densities on the rough interface and equivalent
volumetric electric currents in the penetrable object. Both time-
and frequency-domain results are investigated to illustrate the
relative importance of coherent and incoherent scattering effects
in the sample problem considered. Results show that a four-path
model using a reduced-reflection coefficient can be reasonable for
coherent scattering predictions and that incoherent object/surface
interaction effects can make significant contributions to received
cross sections.

Index Terms—Electromagnetic scattering, radar cross section,
rough surface scattering.

I. INTRODUCTION

E LECTROMAGNETIC scattering from objects is affected
by the surrounding medium. Many realistic geometries in-

volve objects in the presence of the Earth surface, which is
often modeled as a planar dielectric boundary [1]–[4]. However,
roughness on the Earth surface can potentially modify object
scattering returns from those with a flat surface, particularly in
cases where the roughness size becomes larger than a fraction
of the electromagnetic wavelength. Analysis of these problems
is complicated by the many possible scattering interactions be-
tween the rough surface and object; at present, approximate an-
alytical solutions exist only in the small roughness limit [5]–[9].

Recent works have explored numerical solutions of the
combined object/rough surface scattering problem [10]–[13],
but have concentrated primarily on two-dimensional (2-D)
scattering problems to reduce computational complexity (some
three-dimensional (3-D) models have been presented in [14]
and [15]). The majority of previous numerical studies have
also been directed toward studies of scattering from objects
beneath a rough surface for application to ground-penetrating
radar problems. Substantial motivation also exists, however,
for studying problems in which objects are located above
a rough surface, as demonstrated in [13], [16], [17] among
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Fig. 1. Geometry of problem.

other references. Problems of scattering from ships on the sea
surface, from airborne objects over terrain, from vegetation
above soil surfaces, from automobiles or other vehicles over
road or terrain surfaces, all can be classified as combined
target/rough surface geometries.

In this paper, a numerical study of scattering from a 3-D pen-
etrable object located above a lossy dielectric rough interface is
performed. Due to the wide range of applications that are ad-
dressed by this geometry, a generalized example problem with
a relatively low-height object is considered to provide an illus-
tration of some of the coherent and incoherent scattering effects
which can occur, and to demonstrate the potential for the method
proposed for further studies. A Monte Carlo simulation is used
to obtain scattered field statistics as a function of frequency from
2 to 5 GHz and results are illustrated in both the frequency and
time domains to clarify the scattering physics. Results show that
a “four-path” model [4] can remain reasonable for prediction of
total coherent scattered fields if a rough surface reflection coef-
ficient [18] is employed. An examination of incoherent scattered
fields shows that object/surface interaction effects can make sig-
nificant contributions to received cross sections.

The next section briefly reviews the numerical model
employed in the study and Section III describes the particular
problem for which simulations are performed. Computational
issues are discussed in Section IV and results are presented in
Section V.

II. NUMERICAL MODEL

Fig. 1 illustrates the basic geometry considered in this paper: a
dielectric object with relative complex permittivity is located
above a rough interface (of finite horizontal area as
described below) between free space and a dielectric medium
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with relative complex permittivity . The numerical model ap-
plied to solve this problem is an iterative method of moments
(MoM) solution for single frequency induced volumetric cur-
rents in the dielectric object and induced electric and magnetic
surface currents on the rough interface. A point matching formu-
lation is applied and matrix multiply computations required in
the iterative method are accelerated through use of the canonical
grid method [19], [20] and the discrete dipole approach (DDA)
[21], [22] to compute surface to surface and object to object
point couplings, respectively, in , where is the
number of surface or object sampling points. A standard itera-
tive method (the “bi-conjugate gradient stabilized” (BiCG-stab)
algorithm [23]) is used on the combined object/surface matrix
equation and the system is preconditioned through a “flat sur-
face” approximation for surface to surface contributions and a
low-accuracy DDA solution for object to object contributions.
The model is described in detail in [24], where an example of
scattering from an object located below a rough interface is pro-
vided. The model is limited by current computing performance
to surface geometries which are of moderate size in terms of
the electromagnetic wavelength (up to approximately 64by
64 horizontal areas are reasonable at present) and of moderate
roughness compared to. Target sizes must also remain mod-
erate in terms of the electromagnetic wavelength.

The rough surface profiles used in the study are realizations
of a Gaussian random process and for simplicity are chosen to
have an isotropic Gaussian correlation function. The resulting
surface statistics are described completely by the surface rms
height and correlation length. Due to the statistical nature of
this problem, scattered field results obtained from an ensemble
of surface realizations are considered. While a large number of
realizations is desirable for more accurate estimates of scattered
field statistics, computational issues described in Section IV
limit the current study to twenty realizations. Convergence tests
with the obtained data show that average cross sections esti-
mates should be accurate to within approximately 3 dB. Both
coherent (i.e., cross sections computed from the average field in
the Monte Carlo simulation) and incoherent (i.e., cross sections
computed from the average power minus the coherent power
in the Monte Carlo simulation) are presented. Coherent cross
sections provide an estimate of the average scattering behavior
while incoherent cross sections provide information regarding
the level of variation to be expected for differing rough surface
profiles; these statistics can also be used in designing signal pro-
cessing algorithms for removal of clutter contributions [11]. Al-
though in many applications such averaged results would not be
readily available in a given measurement, the coherent and in-
coherent fields to be presented comprise a basic second-order
statistical description of scattering in a combined object/surface
problem.

Because the rough interface modeled in the simulation is of
finite size, a “tapered wave” incident field is used to avoid sur-
face edge scattering effects. Incidence angles of 0and 45 from
normal incidence are considered in this paper, and the respective
tapered wave formulations are provided in [25] and [26]. The
tapered waves used in the study are chosen so that the object
is well within the 3-dB “spot size” of the incident field while
approximately 60-dB incident field attenuation is obtained at

surface edges. Tests of tapered wave influence in the flat sur-
face limit have been performed in [4] through comparison with
a plane wave incidence halfspace Green’s function numerical
solution [27]. Results of the comparison show only slight dif-
ferences (within 1.5 dB) between tapered wave and plane wave
radar cross sections obtained from object and object/surface in-
teraction effects. Use of the tapered wave and the finite rough
surface horizontal area limit target heights above the surface,
which should be limited to approximately the incident field spot
radius for the oblique incidence angles considered in the paper.
However, since object/surface interactions are of primary in-
terest in this study and since these effects can be more signifi-
cant for smaller height objects, the results presented should still
provide a useful illustration of combined object/surface effects.
Methods for addressing target heights beyond these limits are
currently being developed.

Due to the presence of both object and distributed source (the
rough surface) scatterers, total radar cross sections obtained are
dependent on the rough surface area illuminated by the incident
tapered wave. For example, in the limit of a very large spot size
incident field, rough surface scattering effects become more
likely to dominate object scattering effects due to the larger
surface area illuminated. To reduce this dependency on the
incident field used, scattered fields in the study are calculated
both for the combined object/rough surface problem and the
rough surface only problem and subtracted to yield “object
minus no-object” fields. Coherent and incoherent cross sections
obtained from these difference fields then contain only object
and object/surface interaction scattering contributions which
should be insensitive to the incident field used if the spot size
contains the object and regions of the surface which contribute
to object/surface interaction effects. Tests with larger tapered
wave spot sizes confirmed that difference field cross sections
showed only minor variations. Note that the object/surface
interaction effects defined here include shadowing of the rough
surface by the object as well as other interaction mechanisms.
Surface-only incoherent cross sections will also be illustrated
and compared with results from the first two terms of the small
slope approximation (SSA) [28], but again remain dependent
on the area illuminated.

Consideration of the primary scattering effects of this
problem suggests that coherent backscattered difference fields
should resemble those obtained for an object above a flat
surface in the small roughness limit and those obtained for an
object in free space in the large roughness limit. A four-path
model [4] based on image theory and a single scattering inter-
action with the object can be developed to describe this process;
the basic mechanisms of this model with a flat interface are
illustrated in Fig. 2. Evaluating the four-path model requires
summing the appropriate object bistatic scattered field for each
path with phase shifts according to the path lengths traveled
and including Fresnel reflection coefficients for paths that
encounter the boundary. To include rough surface coherent
scattering effects, the Fresnel reflection coefficients involved
in paths two through four are simply multiplied by the standard
rough surface reflection coefficient modification [18].

Total incoherent scattered fields should be caused both by
direct surface backscattering (not included in the difference
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Fig. 2. Scattering mechanisms of four-path model. (a) Path 1. (b) Path 2.
(c) Path 3. (d) Path 4.

fields) and by object/surface interaction effects. The four-path
model suggests that the latter are likely to be dominated by
paths that involve a single bistatic scatter from the object
combined with near specular scattering from the rough surface.
However, since incoherent scattering from the rough surface is
distributed through a range of angles, incoherent object/surface
interaction effects can be very complex and difficult to describe
completely. Examination of time-domain results in Section V
will provide some limited indications as to the most important
contributions in the small target height example considered.

III. EXAMPLE PROBLEM

A dielectric rectangular box with dimensions 7.62 cm
by 7.62 cm by 2.54 cm (thickness) and relative permittivity

is used as the object in this study. The center
of the box is located 8.89 cm above the rough interface
between free space and a medium with relative permittivity

. Scattering for this geometry is to be determined
for a field incident at either 0or 45 from normal incidence at
sixteen frequencies from 2 to 5 GHz. A rough surface correla-
tion length of 3.58 cm and surface rms heights of 3.58 mm or
1 cm are used, so that the surfaces range from slightly rough
at the lowest frequency ( or 0.42, respectively,
where is the electromagnetic wavenumber) to slightly to
moderately rough at the highest frequency ( or
1.05, respectively). However, rms slopes for these surfaces
are approximately 8and 22 , respectively, making the larger
height surface exceed the limitations of standard perturbation
theory [29]. The problem considered could model scattering
from vegetation components above a soil surface or from a
vehicle component above a road surface. Note the problem also
scales with frequency, so result implications are not directly
limited to the geometrical lengths above.

Time domain scattered fields are obtained from frequency
swept data through an FFT operation preceded by multiplica-
tion with a third-order Kaiser–Bessel window to reduce side-
lobe levels. Time zero is defined to correspond to the center of
the mean level of the rough surface ( ) in Fig. 1, so that
object scattering returns occur at negative times. A calculation
of expected time delays shows object scattering contributions

at approximate times of 0.60 ns and 0.42 ns for 0 and 45
incidence, respectively. Surface-only backscattering returns are
centered at time zero and are spread in time from approximately

0.7 ns to 0.7 ns at 45incidence (calculated from the 3-dB ta-
pered wave spot size.) This time spreading of surface clutter at
oblique observation angles and its effects on detection of objects
has been previously described in [30]. Time-domain field statis-
tics are calculated in terms of the mean and standard deviation
of the field envelope as a function of time to clarify the time lo-
cations of various coherent and incoherent scattering effects. Of
course, rough surface incoherent scattered fields should show
no particular time location, but object/surface incoherent inter-
action effects do contain some time information that can help to
indicate the important scattering mechanisms.

IV. COMPUTATIONAL ISSUES

A 1.281 m by 1.281 m surface size is used which ranges from
8.5 to 21.35 free space wavelengths side dimension as the fre-
quency varies from 2 to 5 GHz. The tapered wave 3-dB spot di-
ameter with parameter [25] is then 28.3 cm so that the
object is well within the tapered wave illumination pattern. The
interface is sampled into 256 by 256 points, producing a sam-
pling rate of 5.36 points per wavelength in the dielectric medium
at the highest frequency; tests with 512 by 512 points in the flat
surface limit showed negligible cross section variations. While
a smaller number of surface points could be used for the lower
frequencies, a constant number of points sampling the rough in-
terface as frequency is varied was chosen for convenience. The
resulting number of field unknowns on the interface is 262 144.
A “strong” bandwidth of 15 points and one canonical grid series
term were used in rough surface matrix elements, as described
in [24]; single realization tests confirmed that these parameters
should provide accurate results.

The object is sampled on a 3232 8 point grid with step
size 3.175 mm (ranging from approximately 1/27 to 1/11 of
the wavelength in the object as frequency varies), resulting
in a total number of 13 824 object unknowns. The combined
problem thus contains approximately 276 000 unknowns.
While this large number of unknowns would be prohibitive for
many integral equation based methods, the efficient algorithm
applied makes the current study possible.

Although, the problem considered can be solved on a PC level
platform for a single realization, total computing times for the
multiple cases considered in this paper were further reduced
through use of IBM SP parallel computing resources at the Maui
High Performance Computing Center [31]. Since results as a
function of frequency for multiple realizations were of interest,
single frequency-single realization calculations were performed
on individual nodes of the parallel computer (comparable to
PC platforms) to obtain twenty realizations with 16 frequen-
cies between 2–5 GHz. Single frequency computing times on
a single node ranged from approximately six to fourteen hours
depending on frequency, incidence angle, and surface statistics;
further studies of method parameter choices and alternate it-
erative algorithms [24] would be likely to allow reduction of
these computing times. Four-path model contributions were cal-
culated using an object in free space DDA code [21], [22] with
the same grid as in the combined surface/object code and syn-
thesized following the procedure described in [4].
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Fig. 3. Average object minus no-object backscattered radar cross sections
versus frequency for 0incidence. (a) Coherent. (b) Incoherent.

V. RESULTS

A. Frequency Domain

Fig. 3 plots average coherent [plot (a)] and incoherent [plot
(b)] object minus no-object backscattered copolarized radar
cross sections versus frequency for 0observation and for
both the rms height 3.58 mm and 1 cm cases. Also included
are the corresponding cross sections for the object above a flat
surface, as well as predictions for coherent cross sections using
the reduced reflection coefficient four-path model. Coherent
cross sections for the 3.58-mm rms height surface are very
similar to those obtained with the object above a flat surface,
while those for the rougher surface are significantly different
and approach those for the object in free space. The four-path
model is found to perform very well for this case, indicating
that its approximations remain reasonable even in the presence
of rough surfaces. The success of the four-path model indicates
that terms involving more than one object scattering process
can be neglected for normal incidence in this problem.

Incoherent object/surface interaction cross sections in plot (b)
are found generally to increase with frequency, as expected for
these surface statistics since more power in coherent fields is
converted to incoherent power at higher frequencies. For the
smaller rms height surface, total incoherent scattering contri-
butions remain smaller than coherent returns, while incoherent
scattering is larger than coherent scattering at some frequencies
for the rougher surfaces. The latter case demonstrates that ob-
ject/rough surface interaction effects can make important con-
tributions to total object scattering so that object returns above
differing rough surface profiles can vary significantly.

Figs. 4 and 5 illustrate coherent and incoherent scattering
returns, respectively, for 45incidence inHH [plot (a)] and
VV [plot (b)] polarizations. Polarization differences should be
observable in this problem for oblique incidence backscattering
due to polarized object scattering and due to the polariza-
tion sensitivity of rough surface scattering at oblique angles.
Coherent cross sections indeed show significant differences

Fig. 4. Coherent object minus no-object backscattered radar cross sections
versus frequency for 45incidence. (a)HH. (b) VV.

Fig. 5. Incoherent object minus no-object backscattered radar cross sections
versus frequency for 45incidence. (a)HH. (b) VV.

betweenHH and VV returns. Differences of rough surface
coherent cross sections from those with a flat surface are less
noticeable than in the 0case, due to the reduced Rayleigh pa-
rameters obtained at oblique incidence and smaller differences
between the object in free space and object above a flat surface
returns at 45. The accuracy of the four-path model (plotted
only for the rougher surface case) is also reduced compared
to Fig. 3; similar levels of error are observed when comparing
four-path and numerical model results with a flat surface.
These discrepancies indicate that paths involving more than
one object scattering process are more important for oblique
paths, as discussed in [4].

Incoherent returns in Fig. 5 show that incoherent object/sur-
face interactions can be greater than coherent scattering even
with the small height surface at some frequencies. Incoherent
returns for the larger-height surface are comparable to or greater
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Fig. 6. Comparison of rough surface-only incoherent backscattering with
small slope approximation versus frequency. (a) 0incidence, rms height 3.58
mm. (b) 0 incidence, rms height 1 cm. (c) 45incidence, rms height 3.58
mm. (d) 45 incidence, rms height 1 cm.

than coherent returns at almost all frequencies for bothHH and
VV polarizations. A generally increasing trend with frequency
in HH is again observed, whileVV results in the low rms height
case show a slight decreasing trend at higher frequencies. Expla-
nation of these dependencies is difficult given the many possible
scattering interactions between object and surface.

A validation of rough surface-only incoherent cross sections
for the specified tapered beam is presented in Fig. 6, where
results at 0 [plots (a) and (b)] and 45[plots (c) and (d)] are
compared with predictions of the first two terms of the SSA. A
Monte Carlo simulation using 100 surface realizations was used
to obtain SSA results [32], so that the curves obtained show
some residual variations due to the finite number of realizations.
Numerical model results are in good general agreement with
the SSA, although some differences within approximately 4 dB
at the lower frequencies (where the tapered wave causes a
larger degree of angular averaging) are observed. Overall,
the reasonable agreement obtained however validates both the
numerical model and the SSA prediction for the surfaces
considered. Incoherent surface only scattering at 0 degrees
generally increases with frequency, while cross sections at
45 show a decreasing trend in the small height case and
only slight increases for the rougher surface. Comparisons
with object/surface interaction incoherent returns in Figs. 3
and 5 show that surface-only incoherent scattering generally
dominates object/surface interaction incoherent effects for the
tapered beam used, except at higher frequencies and inHH
polarization for the smaller height surface.

B. Time Domain

Fig. 7 presents time-domain object minus no-object backscat-
tered field envelopes (in decibels) for 0incidence in the rms
height 3.58 mm [plot (a)] and rms height 1 cm [plot (b)]
cases. Both coherent and “incoherent” (i.e., the standard de-
viation of the field envelope as a function of time) returns are

Fig. 7. Envelope of time domain object minus no-object backscattered fields
for 0 incidence. (a) Surface rms height 3.58 mm. (b) Surface rms height 1 cm.

included, as well as returns with the object above a flat sur-
face. Incoherent returns again include object/surface interaction
contributions only. Coherent returns in Fig. 7 show general
agreement with flat surface results for the lower rms height
surface, but appreciable differences for the rougher surface.
Note object scattering returns centered around time0.6 ns
show only minor deviations from the flat surface case since
no surface scattering sources have been encountered (other
than sidelobe contributions from later times.) The large returns
appearing around time zero in the flat surface case demon-
strate the importance of the bistatic object/surface interaction
mechanism of the four-path model for this geometry, because
fields scattered from the target into a near specular scattering
from the surface orvice-versawill still appear around time
zero [4]. Coherent returns around time zero in the rms height
1 cm case begin to approach results with the object in free
space (not plotted). Incoherent scattering contributions at 0
occur primarily at times after initial object returns, so that time
domain object detection strategies would be likely to work
well in this case, particularly for the smaller height surface.
Initial object/surface incoherent interaction effects are found
to be slightly time shifted from time zero, where surface-only
scattering would be centered in time. This is consistent with
the dominant four-path mechanism of a bistatic scattering from
the object followed by a specular scattering from the rough
surface, since a transmission through the object would result in
a slight time delay. Object/surface interaction effects are also
observed to show effects at later times, as would be expected
for multiple object/surface interactions.

Figs. 8 and 9 illustrateHH [plot (a)] and VV [plot (b)]
time domain statistics for the rms height 3.58 mm and 1 cm
cases, respectively, for 45incidence. Similar observations
regarding coherent fields are obtained in this case, with only
slight differences from flat surface returns observed with rms
height 3.58 mm, while larger differences are observed in the
rougher case as coherent fields approach those for an object in
free space. Incoherent returns generally show a greater degree
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Fig. 8. Envelope of time-domain object minus no-object backscattered fields
for 45 incidence: surface rms height 3.58 mm. (a)HH. (b) VV.

of time spreading than in Fig. 7, so that less “object-only”
time is available before incoherent effects increase, potentially
making object detection more difficult. Incoherent scattering
is generally comparable to coherent scattering for the rougher
surface case, again indicating that a large degree of variation
in time domain object returns would be observed as different
surface profiles are encountered.

For comparison, time-domain surface-only backscattered
field envelopes are plotted in Fig. 10 for 0[plots (a) and (b)]
and for 45 [plots (c) and (d)]. Incoherent returns for these
slight to moderately rough surfaces at 0observation show a
time spread that is determined by the 3-GHz bandwidth and
envelope function used, while returns at 45are spread in time
according to the tapered wave spot size. The resulting field
envelopes at oblique incidence are distributed near-uniformly
through the incident field illumination range, although some
residual variations due to the finite number of realizations
averaged remain. Note, that surface-only returns in the oblique
case occur at times prior to the object-only scattering in Figs. 8
and 9, showing again that object detection could be difficult
for these geometries. Surface incoherent cross sections for the
tapered wave used also are typically larger than object/surface
interaction incoherent effects, except at later times in some
cases.

VI. CONCLUSION

The results of this study demonstrate some of the coherent
and incoherent scattering effects that can occur in combined
object/rough surface scattering problems. Coherent cross sec-
tions were found to resemble those for an object above a flat
surface in the small roughness limit but to approach those for
an object in free space as the roughness increased. A four-path
model using a rough surface reduced reflection coefficient was
found to match coherent cross sections well for normal in-
cidence observation, although the accuracy was degraded at
oblique observation where multiple object scattering effects
can become more important. Incoherent scattered fields in

Fig. 9. Envelope of time-domain object minus no-object backscattered fields
for 45 incidence: surface rms height 1 cm. (a)HH. (b) VV.

Fig. 10. Envelope of time-domain surface-only incoherent backscattered
fields (a) 0 incidence, rms height 3.58 mm. (b) 0incidence, rms height 1 cm.
(c) 45 incidence, rms height 3.58 mm. (d) 45incidence, rms height 1 cm.

both the time and frequency domains show that both direct
surface backscattering and object/surface interaction terms can
be important depending on the frequency, surface statistics,
polarization, incident antenna pattern, and scattering geometry.
Incoherent object/surface interaction effects observed appear
consistent with a four-path model interpretation in which the
dominant contribution is from an object bistatic scattering
followed or preceded by surface forward scattering, although
complete conclusions in this regard are difficult to obtain due
to the complexity of the object/surface interaction process.
Overall results indicate that both rough surface backscattering
and bistatic scattering effects should be considered when an-
alyzing returns from an object above a rough surface. Further
applications of these results and the iterative method of mo-
ments (MoM) model include evaluation of approximate models
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for combined surface/object problems [5]–[9], design of im-
proved matched filters for signal processing algorithms, and
tests of target detection techniques in the presence of rough
surface clutter.
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