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A Study of Scattering From an Object
Below a Rough Surface

Joel T. Johnson, Senior Member, IEEE, and Robert J. Burkholder, Senior Member, IEEE

Abstract—A numerical model is applied in a Monte Carlo study
of scattering from a three dimensional penetrable object below a
lossy dielectric rough interface. 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 introducing a reduced transmission
coefficient is reasonable for object coherent scattering predictions
in this example, and that incoherent object/surface interaction
effects approximately follow a simple scaling behavior as surface
roughness is increased.

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

I. INTRODUCTION

THE PREDICTION of scattering from an object located
beneath a rough interface is a subject of recent interest,

particularly due to applications in the detection of subsur-
face objects with radar systems. Although some approximate
analytical models have been derived in the small roughness
limit [1], [2], the complexity of the problem has limited the
development of more general approximations. Recent works
have explored numerical solutions [3]–[12], but have con-
centrated primarily on two dimensional scattering problems
to reduce computational complexity (some three dimensional
models have been presented in [8]–[12]). Results from these
studies have been presented in terms of signal processing al-
gorithm performances [3]–[5], [9], or in terms of statistics of
scattered fields near the rough surface [10], [11]. However,
the behaviors of coherent and incoherent backscattered fields
in the far-field with three-dimensional geometries have not
been a focus of previous work.

In this paper, a numerical study of scattering from a three
dimensional penetrable object located below a lossy dielectric
rough interface is performed to address this issue. A generalized
example problem is considered to provide an illustration of
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Fig. 1. Geometry of problem.

some of the coherent and incoherent scattering effects which
can occur, and to investigate the performance of some simple
approximations for these quantities. A Monte Carlo simulation
is used to obtain scattered field statistics as a function of
frequency from 2–5 GHz, and results are illustrated in both
the frequency and time domains to clarify the scattering physics.
Results show that simple reduced transmission coefficient model
[13] can remain reasonable for prediction of object coherent
scattered fields. An examination of incoherent object scattered
fields shows that object/surface interaction effects can make
significant contributions to received object cross sections, and
that a simple scaling law can provide a reasonable estimate
as surface roughness is increased.

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
below a rough interface (of finite horizontal area
as described below) between free space and a dielectric medium
with relative complex permittivity . The numerical model ap-
plied 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 cur-
rents on the rough interface. The matrix equation formulated
includes surface to surface, surface to object, object to surface,
and object to object coupling, and is solved using a precondi-
tioned Bi-CGSTAB algorithm [14]. The model is described in
detail in [12], where an example of scattering from an object
located below a rough interface is provided; it has also been
applied in a study of scattering from an object above a rough
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interface [15]. The model is limited by current computing per-
formance to surface geometries which are of moderate size in
terms of the electromagnetic wavelength (up to approximately

profile results are reasonable at present) and of mod-
erate roughness compared to . Object sizes must also remain
moderate 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 a maximum of 40 realizations.
Convergence tests with the obtained data show that average cross
sections estimates 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 processing algorithms for removal of
clutter contributions [4]. Although in many applications such
averaged results would not be available in a given measurement,
the coherent and incoherent 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 0 and 45 from
normal incidence are considered in this paper, and the respective
tapered wave formulations are discussed in [15]. The tapered
waves used in the study are chosen so that the object is well
within the projected 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 were performed through comparison with a plane wave
incidence halfspace Green’s function numerical solution [16].
Results of the comparison show only slight differences (within
1.5 dB) between tapered wave and plane wave radar cross sec-
tions obtained from object and object/surface interaction effects.

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 inci-
dent 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 sur-
face area illuminated. To reduce this dependency on the inci-
dent 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 ob-
tained 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 ob-
ject/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 both the “direct path” interaction
of a transmission through the rough surface, scattering from the
object, and transmission through the rough surface back to free
space, as well as higher order object/surface interactions. Sur-
face-only incoherent cross sections will also be illustrated and
compared with results from the first two terms of the small slope
approximation (SSA) [17], 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 below a flat
surface in the small roughness limit, and should vanish in the
large roughness limit. A simple model can be developed for this
process if it is assumed that the “direct path” dominates scat-
tered fields; the basis of this model is similar to the “four-path”
model of scattering from an object above a rough interface
[18], but only a single path is involved for a subsurface object.
The “direct path” estimate of coherent object scattered fields
is obtained by computing backscattering from the subsurface
object in the absence of the interface and Region 1. The incident
field in this computation is the transmitted field associated with
the plane wave incident from Region 1, but multiplied by a
reduced transmission coefficient that depends on surface
RMS height [13]

(1)

Here, is the component of the incident field propagation
vector in Region 1, while is the component of the trans-
mitted field propagation vector. represents the standard
Fresnel transmission coefficient at a flat interface, and is the
surface rms height. The resulting scattered fields from the “ob-
ject-only” computation are again multiplied with the reduced
transmission coefficient (at an angle corresponding to the direc-
tion of scattered field propagation) to model transmission from
Region 2 to 1, and attenuated by path loss from the object to
the interface in the case of a lossy Region 2. A refraction factor
is also included to account for spherical wave refraction upon
transmission from Region 2 to 1. An approximate model using
this procedure for a large object below a flat interface is de-
scribed in detail in [19].

Total incoherent scattered fields should be caused both by
direct surface backscattering (not included in the difference
fields) and by object/surface interaction effects. The “direct
path” model suggests that the latter are likely to be domi-
nated by roughness induced amplitude and phase distortions
of the field incident on and scattered from the target upon
transmission through the interface. However, since incoherent
transmission through and 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
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will provide some limited indications as to the most important
contributions in the example considered.

A simple heuristic scaling law for incoherent backscattering
contributions can be developed based on the reduced trans-
mission coefficient behavior if it is assumed that incoherent
object/surface backscattering at a given angle is completely
produced by the reduction in “direct path” object coherent
backscattered power at the same angle. To derive this relation-
ship, begin by writing the “direct path” average backscattered
field in the flat surface case as

(2)

where models scattering effects that are independent of the
surface profile. In the rough surface case

(3)

The difference in coherent powers is then propor-
tional to

(4)

If we assume that incoherent backscattering is generated by
this change in powers, then incoherent backscattering is propor-
tional to

(5)

from (1). A prediction of incoherent backscattered power from
a surface with rms height , , based on knowledge of
incoherent backscattered power from a surface with rms height

, , then follows

(6)

Note a saturation of incoherent power is predicted by the scaling
law as roughness becomes very large. The success of this scaling
law will be evaluated in Section V for the example considered.
Of course, this is a very heuristic approximation, but the absence
of simple methods for incoherent scattering predictions makes
investigation of this scaling law worthwhile.

III. EXAMPLE PROBLEM

A dielectric rectangular box with dimensions 7.62 cm
7.62 cm 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 below a 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 0 or 45 from normal incidence at multiple
frequencies from 2–5 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 ( 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
8 and 22 , respectively, making the larger height surface

exceed the limitations of standard perturbation theory [20].
The problem considered could model a nonmetallic antiper-
sonnel landmine located below a rough soil interface. 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 a fast Fourier transform (FFT) operation
preceded by multiplication with a third order Kaiser–Bessel
window to reduce sidelobe 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
later times. A calculation of expected time delays shows object
scattering contributions at approximate times of 1.14 and
0.91 ns for 0 and 45 incidence, respectively. Surface-only
backscattering returns are centered at time zero and are spread
in time from approximately 0.7–0.7 ns at 45 incidence
(calculated from the 3-dB tapered 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 [21]. Time domain field statistics are calculated in terms
of the mean and standard deviation 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.

IV. COMPUTATIONAL ISSUES

A 1.281 m 1.281 m surface size is used which ranges from
8.5–21.35 free space wavelengths side dimension as the fre-
quency varies from 2–5 GHz. The tapered wave 3-dB spot diam-
eter with parameter [12] is then 28.3 cm so that the
object is well within the tapered wave illumination pattern. The
interface is sampled into 256 256 points, producing a sam-
pling rate of 5.36 points per wavelength in the dielectric medium
at the highest frequency; tests with 512 512 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 [12]; single realization tests confirmed that these parameters
should provide accurate results.

The object is sampled on a 32 32 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 (based on the order “canonical grid” and
“discrete dipole approximation” methods for surface-to-surface
and target-to-target coupling, respectively [12]) makes the
current study possible.
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TABLE I
MONTE CARLO SIMULATION PARAMETERS: FREQUENCY STEP IS 200 MHz IN ALL CASES

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 parallel computing resources at the Maui
High Performance Computing Center (www.mhpcc.edu.).
Since results as a function of frequency for multiple real-
izations were of interest, single-frequency/single-realization
calculations were performed on individual nodes of the parallel
computer (comparable to PC platforms) to obtain up to 40 real-
izations with 15 or 16 frequencies between 2 and 5 GHz. Monte
Carlo simulation parameters for each of the cases illustrated
in the next section are provided in Table I. 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 iterative algorithms [12] would be likely
to allow reduction of these computing times. On average, the
Bi-CGSTAB iterative solver converged to a residual error less
than 0.1% (the stopping tolerance used in the simulations)
within four iterations. Direct path approximate model contri-
butions were calculated using an object in Region 2 DDA code
[12] with the same grid as in the combined surface/object code,
and synthesized following the procedure described previously.
Direct path approximate model computations of the coherent
field at a single frequency required only 5 s of CPU time,
emphasizing the computational advantage of this approximate
method if its accuracy can be demonstrated to be reasonable.

V. RESULTS

A. Frequency Domain

Fig. 2 plots average coherent [Fig. 2(a)] and incoherent
[Fig. 2(b)] object minus no-object backscattered copolarized
radar cross sections versus frequency for 0 observation and for
both the rms height 3.58- and 1-cm cases. Also included are the
corresponding cross sections for the object below a flat surface,
as well as predictions for coherent cross sections using the
direct path approximate model. Coherent cross sections for the
3.58-mm rms height surface are very similar to those obtained
with the object below a flat surface, while those for the rougher
surface have significantly reduced amplitudes. The direct path
approximate model is found to perform reasonably well for this
case, indicating that its approximations remain appropriate for
this example. The success of the direct path model indicates
that object-surface interaction terms beyond the direct path
mechanism are small for normal incidence in this problem.

Fig. 2. Average object minus no-object backscattered radar cross sections
versus frequency for 0 incidence. (a) Coherent. (b) Incoherent.

Incoherent object/surface interaction cross sections in
Fig. 2(b) are found to show a behavior versus frequency similar
to that of average fields for the object below a flat interface.
As expected, results for the more rough surface are larger
than those with the smaller roughness. For the smaller rms
height surface, incoherent scattering contributions remain
significantly smaller than coherent returns, while incoherent
scattering is more important compared to coherent scattering
for the rougher surfaces. The latter case demonstrates that
object/rough surface interaction effects can make important
contributions to total object scattering so that object returns
below differing rough surface profiles can vary significantly.
The approximate curve indicated in Fig. 2(b) applies to the
larger roughness case, and is generated by multiplying smaller
roughness incoherent returns by the scale factor discussed in
Section II. The heuristic scale factor is shown to provide a
reasonable match to numerically obtained results, indicating
again that higher order surface-object interactions in this
example are relatively weak.

Figs. 3 and 4 illustrate coherent [Figs. 3(a) and 4(a)] and in-
coherent [Figs. 3(b) and 4(b)] scattering returns for 45 inci-
dence in HH and VV polarizations, respectively. 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
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Fig. 3. Average object minus no-object backscattered radar cross sections
versus frequency for 45 incidence HH. (a) Coherent. (b) Incoherent.

differences between HH and VV returns. Coherent cross sec-
tions show behaviors similar to those observed in the 0 case,
and the direct path model continues to provide reasonably accu-
rate coherent scattering predictions.

Incoherent returns in Figs. 3 and 4 show that incoherent ob-
ject/surface interactions can be greater than coherent scattering
even with the small height surface at some frequencies. Inco-
herent returns for the larger height surface are comparable to
or greater than coherent returns at almost all frequencies for
both HH and VV polarizations. Incoherent returns again seem
to follow the basic pattern of the object return versus frequency,
although larger differences are observed for oblique incidence.
A possible explanation for this behavior involves the importance
of “broadside” scattering for this rectangular object. For 0 in-
cidence, this mechanism should be expected to dominate both
coherent and incoherent returns, leading to the similar patterns
in frequency, even if incoherent returns include some angular
averaging of object returns. However, at oblique incidence, the
coherent backscattering mechanism is not as dominant as at 0 ,
so that angular averaging plays a larger role in altering the in-
coherent scattering behavior versus frequency. The scaling law
again provides a reasonable match to observed incoherent scat-
tering in the larger roughness case.

A validation of rough surface-only incoherent cross sections
for the specified tapered beam is presented in Fig. 5, where re-
sults at 0 [Fig. 5(a) and (b)] and 45 [Fig. 5(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 [22], 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 reason-
able agreement obtained however validates both the numerical
model and the SSA prediction for the surfaces considered. In-
coherent surface only scattering at 0 generally increases with

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

Fig. 5. Comparison of rough surface-only incoherent backscattering with
small slope approximation versus frequency. (a) 0 incidence, rms height
3.58 mm. (b) 0 incidence, rms height 1 cm. (c) 45 incidence, rms height
3.58 mm. (d) 45 incidence, rms height 1 cm.

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. 2–4 show that surface-only incoherent scattering
dominates object/surface interaction incoherent effects for the
tapered beam used in all cases, due to the “low contrast” of the
nonmetallic object used.

B. Time Domain

Fig. 6 presents time domain object minus no-object backscat-
tered field envelope amplitudes (in decibels) for 0 incidence in
the rms height 3.58- and rms height 1-cm cases. Both coherent
[Fig. 6(a)] and “incoherent” [Fig. 6(b)] (i.e., the standard de-
viation of the field envelope as a function of time) returns are
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Fig. 6. Amplitude of envelope of time domain object minus no-object
backscattered fields for 0 incidence. (a) Coherent. (b) Incoherent.

included, as well as returns with the object below a flat sur-
face. Incoherent returns again include object/surface interaction
contributions only. Coherent returns in Fig. 6 show general
agreement with flat surface results for the lower rms height
surface, but appreciable differences for the rougher surface.
The multiple mechanisms observed in these plots can be in-
terpreted in terms of returns from the top and bottom surfaces
of the subsurface object, centered at approximate times of 1.1
and 1.5 ns, respectively. The direct path approximate model is
found to continue to provide reasonable agreement in the time
domain, again showing that multiple surface-object interactions
are indeed small. The absence of significant returns beyond
time 2 ns further confirms this statement. “Incoherent” returns
in [Fig. 6(b)] again follow a similar time pattern to object
results in the flat surface case, and the scaling law remains
reasonably accurate. Scaling law results were generated by
multiplying individual realization results by the scale factor in
the frequency domain before the FFT operation. These results
suggest that the primary mechanism generating incoherent re-
turns is phase and amplitude distortion of direct path object
returns caused by the rough interface; similar conclusions have
been suggested in [7].

Figs. 7 and 8 illustrate coherent [Figs. 7(a) and 8(a)] and
incoherent [Figs. 7(b) and 8(b)] time domain statistics at 45
incidence for HH and VV polarizations, 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 decrease. The direct path
approximation produces a similar level of agreement in the
HH case, but somewhat reduced accuracy for VV. The latter
case would seem to suggest that VV returns may be more
influenced by multiple interactions between the object and
rough surface, although the success of the direct path model
in the lower rms height case indicates that these effects are
not significant for flat surfaces. Incoherent returns show time
domain patterns distinct from average object returns below a

Fig. 7. Amplitude of envelope of time domain object minus no-object
backscattered fields for 45 incidence HH. (a) Coherent. (b) Incoherent.

Fig. 8. Amplitude of envelope of time domain object minus no-object
backscattered fields for 45 incidence VV. (a) Coherent. (b) Incoherent.

flat interface, unlike the 0 case, again suggesting an increased
importance of angular averaging effects among other possible
interactions. Incoherent returns are significant in both the low
and high rms height cases, showing that time domain object
returns will vary markedly with differing surface profiles. The
simple scaling law continues to provide an accuracy likely to
be acceptable for many applications.

For comparison, time domain surface-only backscattered
field envelope amplitudes are plotted in Fig. 9 for 0 [Fig. 9(a)
and (b)] and for 45 [Fig. 9(c) and (d)]. Incoherent returns for
these slight to moderately rough surfaces at 0 observation
show a time spread that is determined by the 3-GHz bandwidth
and envelope function used, while returns at 45 are 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
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Fig. 9. Amplitude of envelope of time domain surface-only incoherent
backscattered fields. (a) 0 incidence, rms height 3.58 mm. (b) 0 incidence,
rms height 1 cm. (c) 45 incidence, rms height 3.58 mm. (d) 45 incidence,
rms height 1 cm.

averaged remain. Note that the large surface-only returns in
the 0 case occur at times prior to the smaller object-only
scattering in Fig. 6, showing that object detection would be
more simple for this geometry. In contrast, large surface-only
returns overlap small object returns in Figs. 7 and 8, so that
some form of clutter reduction or rejection would be needed in
an object detection algorithm.

VI. CONCLUSION

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 below a
flat surface in the small roughness limit and to decrease as
roughness increased. A direct path approximate model using
a rough surface reduced transmission coefficient was found to
match coherent cross sections well in both the frequency and
time domains, although time domain accuracy was degraded
for VV polarization at oblique observation. Incoherent scat-
tered fields in both the time and frequency domains show that
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 simple
scale factor approximation, although complete conclusions in
this regard are difficult to obtain due to the complexity of the
object/surface interaction process. The success of the direct
path model and of the incoherent scale factor observed in these
results is of course related to the absence of strong higher
order surface-object interactions in the example considered.
The lossy background medium and moderate object depth in
this example contribute to the absence of these higher order
terms. However, computations in the flat surface case with a
lossless background medium and at decreased object depths

continued to be well matched by the simple direct path model,
both in the time and frequency domains, even with perfectly
conducting objects. These results suggest that cases with higher
order object/surface interactions may be the exception rather
than the rule, so that the direct path model may be applicable
for many geometries. Further applications of these results and
the iterative method of moments model include continued
evaluation of approximate models for combined surface/object
problems [1], design of improved matched filters for signal
processing algorithms, and tests of object detection techniques
in the presence of rough surface clutter.
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