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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. Results show that a four-path model using a reduced reflection
coefficient can be reasonable for coherent scattering predictions, and that incoherent scattering
in the combined object-surface problem can be significantly different than that obtained with the

rough surface alone.
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1 Introduction

Electromagnetic scattering from objects is affected by the surrounding medium. Many realistic
geometries involve 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 between the rough surface and object; at
present, approximate analytical 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]-[15], but have concentrated primarily on two dimensional scattering problems to re-
duce computational complexity. The majority of previous numerical studies have also been directed
toward studies of scattering from objects beneath a rough surface for application to ground pene-
trating radar problems. Substantial motivation also exists, however, for studying problems in which
objects are located above a rough surface, as demonstrated in [15]-[17] among other references.

In this paper, a numerical study of scattering from a three dimensional penetrable object located
above a lossy dielectric rough interface is performed to provide an illustration of some of the coherent
and incoherent scattering effects which can occur. 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 coefficient [18] is employed. An examination of incoherent scattered fields
shows that significant differences can be obtained from those obtained in the presence of the rough
surface alone.

The next section briefly reviews the numerical model employed in the study, and Section 3
describes the particular problem for which simulations are performed. Computational issues are

discussed in Section 4, and results are presented in Section 5.



2 Numerical model

Figure 1 illustrates the basic geometry considered in this paper: a dielectric object with relative
complex permittivity es is located above a rough interface z = f(z,y) between free space and a
dielectric medium with relative complex permittivity es. The numerical model applied to solve
this problem is an iterative method of moments solution for single frequency induced volumetric
currents in the dielectric object and induced electric and magnetic surface currents on the rough
interface. A point matching formulation 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 [21]-[22] to compute surface to surface and object to object point
couplings, respectively, in O(N log N'), where N is the number of surface or object sampling points.
A standard iterative 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 surface” 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 provided.

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 h and correlation length I. 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 4 limit the current
study to twenty realizations. Convergence tests with the obtained data show that average cross
sections estimates should be accurate to within approximately 3 dB.

Because the rough interface modeled in the simulation is of finite size, a “tapered wave” incident
field is used to avoid surface edge scattering effects. Incidence angles of 0 and 45 degrees 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 surface 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 differences (within 1.5 dB) between tapered
wave and plane wave radar cross sections obtained from object and object/surface interaction
effects. However, note that direct surface backscattering at normal incidence is strongly influenced
by tapered wave parameters; for this reason, only incoherent surface backscattering at normal
incidence will be presented. Scattered fields in the study are calculated both for the combined
object /rough surface problem and the rough surface only problem, so that rough surface scattering
effects can be “separated” from object and object/surface interaction effects if desired.

Due to the presence of both object and distributed source (the rough surface) scatterers, total
radar cross sections obtained are also 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. Thus it should be noted that the results presented apply only for the
particular incident field used. However, tests with larger tapered wave spot sizes showed only slight
changes in object and object/surface interaction cross sections.

Consideration of the primary scattering effects of this problem suggests that coherent scattered
fields (neglecting the direct surface reflection at normal incidence) 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 interaction with the object can be developed to describe this process by including the
standard rough surface reflection coefficient modification [18] for fields which encounter the rough
surface. Incoherent scattered fields should be caused both by direct surface backscattering and by
object/surface interaction effects. The four-path model suggests that the latter are likely to be
dominated by paths which 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 frequency and time domain

results in Section 5 however will give some indication as to the most important contributions.
3 Example problem

A dielectric rectangular box with dimensions 7.62 cm by 7.62 cm by 2.54 cm (thickness) and relative
permittivity e = 3 + 40.03 is used as the object in this study. The center of the box is located
8.89 c¢cm above the rough interface between free space and a medium with relative permittivity
€2 = 5+ 11.25. Scattering for this geometry is to be determined for a field incident at either 0
or 45 degrees from normal incidence at sixteen frequencies from 2 to 5 GHz. A rough surface
correlation 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 (kh = 0.15 or 0.42, respectively, where
k is the electromagnetic wavenumber) to slightly to moderately rough at the highest frequency
(kh = 0.375 or 1.05, respectively). However, rms slopes for these surfaces are approximately 8
degrees and 22 degrees, respectively, making the larger height surface exceed the limitations of
standard perturbation theory [28]. Surface-only backscattered fields will be compared with results
from the first two terms of the small slope approximation (SSA) [29] calculated in a separate SSA
Monte Carlo simulation following the procedure described in [30].

Time domain scattered fields are obtained from frequency swept data through an FFT operation
preceded by multiplication with a Kaiser-Bessel window (parameter S = 3) to reduce side-lobe
levels. Time zero is defined to correspond to the center of the mean level of the rough surface
(z = 0) in Figure 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 degrees incidence respectively. Surface scattering returns within the 3 dB
tapered wave spot at 45 degrees incidence are spread in time from approximately —0.7 ns to 0.7
ns. This time spreading of surface clutter at oblique observation angles and its effects on detection

of objects has been previously described in [14], [31]. Time domain field statistics are calculated in



terms of the mean and variance of the field envelope as a function of time to clarify the time locations
of various coherent and incoherent scattering effects. Of course, rough surface incoherent scattered
fields should show no particular time location, but object/surface incoherent interaction effects do

contain some time information which can help to indicate the important scattering mechanisms.
4 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 frequency varies from 2 to 5 GHz. The tapered wave 3 dB spot diameter with
parameter g = 5.333 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 sampling 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
interface as frequency is varied was chosen for convenience. The resulting number of field unknowns
on the interface is 262144. 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 for rough surface scattering contributions.

The object is sampled on a 32 by 32 by 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 13824 object unknowns. The combined problem thus contains approximately 276000
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 realiza-
tion, 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 [32]. 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 com-



puter (comparable to PC platforms) to obtain twenty realizations with 16 frequencies between 2
and 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; attempts to optimize
computing times have at present not been performed extensively. Four-path model contributions
were calculated using an object in free space DDA code [21]-[22] with the same grid as in the

combined surface/object code, and synthesized following the procedure described in [4].

5 Results

A. Frequency domain

Figure 2 plots average coherent (plot (a)) and incoherent (plot (b)) backscattered co-polarized
radar cross sections versus frequency for 0 degrees observation and for both the rms height 3.58 mm
and 1 cm cases. Again, direct surface reflections are not included in plot (a). 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 cross sections in plot (b) are shown for surface-only contributions (obtained from the
surface only numerical solution), combined surface/object total contributions, and object/surface
interaction terms (obtained with total fields minus surface only fields.) All of these terms are
found to increase with frequency, as expected for these surface statistics since more power from the
coherent field is converted to incoherent power at higher frequencies. For the smaller rms height
surface, total incoherent scattering contributions remain significantly smaller than coherent returns,

while incoherent scattering is larger than coherent scattering at some frequencies for the rougher



surfaces. Surface only backscattering dominates object/surface interaction effects at all frequencies
for the rougher surface, but object/surface interaction effects become comparable to surface only
scattering at higher frequencies for the smaller height surface.

Figures 3 and 4 illustrate coherent and incoherent scattering returns, respectively, for 45 degrees
incidence in HH (plot (a)) and V'V (plot (b)) polarizations. Polarization differences should be
observable in this problem for oblique incidence backscattering due to polarized object scattering
and due to the polarization sensitivity of rough surface scattering at oblique angles. Coherent cross
sections indeed show significant differences between HH and V'V returns. Differences of rough
surface coherent cross sections from those with a flat surface are less noticeable than in the 0
degrees case, due to the reduced Rayleigh parameters obtained at oblique incidence and smaller
differences between the object in free space and object above a flat surface returns at 45 degrees.
The accuracy of the four-path model (plotted only for the rougher surface case) is also reduced
compared to Figure 2; 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 Figure 4 show that incoherent scattering can be greater than coherent
scattering even with the small height surface at some frequencies. Incoherent returns for the larger
height surface dominate coherent returns at almost all frequencies for both HH and V'V polar-
izations. Again surface incoherent scattering is dominant over object/surface interaction effects
for almost all cases, but higher frequency H H results show a region where object/surface interac-
tion contributions exceed those from the rough surface alone. As stated previously, the four-path
model for incoherent scattering suggests that object/surface interaction effects can be dominated
by paths involving a bistatic object scattering followed by a near-specular surface scattering. Stud-
ies of surface-only incoherent scattering cross sections show large increases in forward scattered
fields with frequency at 45 degrees, while backscattered returns increase only slightly or decrease
with frequency. Furthermore, the ratio of forward to backscattered incoherent cross sections is

greatest for the H H, smaller rms height surface at the highest frequency, where it approaches 25



dB. Forward to backscattered cross section ratios for all other cases obtain maximum values of 15
dB. Thus, the results obtained support the four-path model idea that both surface backscattered
and forward scattered incoherent cross sections are important in combined object/rough surface
interaction problems.

A validation of rough surface-only incoherent cross sections is presented in Figure 5, where
results at 0 degrees (plot (a)) and 45 degrees (plot (b)) 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 [30], 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.
B. Time domain

Figure 6 presents time domain backscattered field envelopes (in decibels) for 0 degrees incidence
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 deviation of the field envelope as a function of time) returns are
included, as well as returns with the object above a flat surface. Incoherent returns are plotted
for total, surface only, and object/surface interaction contributions as well. Coherent returns in
Figure 6 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
time —0.6 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.) Later time
coherent returns in the rms height 1 cm begin to approach time domain returns with the object
in free space (not plotted). Incoherent scattering contributions at zero degrees occur primarily
at times after initial object returns, so that time domain object detection strategies would work

well in this case. Incoherent returns show contributions from both surface only and object/surface



interactions, although surface only scattering dominates in the rougher case for most times. Initial
object /surface incoherent interaction effects are found to be slightly time shifted from surface only
scattering. 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 observed to be
more significant at later times, as would be expected for multiple object/surface interactions.
Figures 7 and 8 illustrate HH (plot (a)) and V'V (plot (b)) time domain statistics for the
rms height 3.58 mm and 1 cm cases, respectively. 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. Total incoherent returns show the time spreading associated with
oblique observation of a rough surface, so that object scattering no longer occurs prior to rough
surface returns, making target detection more difficult. As observed in Figures 4 and 5, incoherent
scattering dominates coherent scattering for the rougher surface case, and surface only contributions
generally are more significant than object/surface interactions even at later times. However, the
HH polarized, low rms height surface shows object/surface interaction effects to exceed surface

only contributions around time zero, consistent with the four-path model explanation.

6 Conclusions

The results of this study demonstrate some of the coherent and incoherent scattering effects which
can occur in combined object/rough surface scattering problems. Coherent cross sections 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 incidence observation, although the accuracy was degraded at oblique observation where
multiple object scattering effects can become more important. Incoherent scattered fields in both

the time and frequency domains showed that both direct surface backscattering and object/surface
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interaction terms can be important depending on the frequency, surface statistics, polarization,
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. Thus both surface backscattering and
forward scattering effects must be considered when analyzing returns from object above a rough
surface. Further applications of these results and the iterative method of moments model include
evaluation of approximate models for combined surface/object problems [5]-[9], as well as tests of

target detection algorithms in the presence of rough surface clutter.
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Figure 5: Comparison of rough surface incoherent backscattering with small slope approximation
versus frequency (a) 0 degrees incidence (b) 45 degrees incidence
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Figure 6: Envelope of time domain backscattered fields for 0 degrees incidence. (a) Surface rms

height 3.58 mm (b) Surface rms height 1 cm
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Figure 7: Envelope of time domain backscattered fields for 45 degrees incidence: surface rms height
3.58 mm (a) HH (b) VV
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Figure 8: Envelope of time domain backscattered fields for 45 degrees incidence: surface rms height
1 cm (a) HH (b) VV
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