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

Joel T. JohnsanMember, IEEE

Abstract—A numerical model is applied in a Monte Carlo study oz
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 Region 1: €0 Mo z=f(x,y)

coherent scattering predictions and that incoherent object/surface
interaction effects can make significant contributions to received W
Cross sections.

Index Terms—Electromagnetic scattering, radar cross section, _
rough surface scattering. Region2: &8, H,

Object €580 Hy

Fig. 1. Geometry of problem.
|. INTRODUCTION

LECTROMAGNETIC scattering from objects is affectedther references. Problems of scattering from ships on the sea
by the surrounding medium. Many realistic geometries irsurface, from airborne objects over terrain, from vegetation
volve objects in the presence of the Earth surface, whichabove soil surfaces, from automobiles or other vehicles over
often modeled as a planar dielectric boundary [1]-[4]. Howevenad or terrain surfaces, all can be classified as combined
roughness on the Earth surface can potentially modify objaarget/rough surface geometries.
scattering returns from those with a flat surface, particularly in In this paper, a numerical study of scattering from a 3-D pen-
cases where the roughness size becomes larger than a fraatosble object located above a lossy dielectric rough interface is
of the electromagnetic wavelength. Analysis of these problemesrformed. Due to the wide range of applications that are ad-
is complicated by the many possible scattering interactions liFessed by this geometry, a generalized example problem with
tween the rough surface and object; at present, approximate amelatively low-height object is considered to provide an illus-
alytical solutions exist only in the small roughness limit [5]-[9]tration of some of the coherent and incoherent scattering effects
Recent works have explored numerical solutions of thehich canoccur, and to demonstrate the potential for the method
combined object/rough surface scattering problem [10]-[13jroposed for further studies. A Monte Carlo simulation is used
but have concentrated primarily on two-dimensional (2-Cip obtain scattered field statistics as a function of frequency from
scattering problems to reduce computational complexity (sorf@¢o 5 GHz and results are illustrated in both the frequency and
three-dimensional (3-D) models have been presented in [Iihe domains to clarify the scattering physics. Results show that
and [15]). The majority of previous numerical studies hava “four-path” model [4] can remain reasonable for prediction of
also been directed toward studies of scattering from objedttdal coherent scattered fields if a rough surface reflection coef-
beneath a rough surface for application to ground-penetratifigjent [18] is employed. An examination of incoherent scattered
radar problems. Substantial motivation also exists, howevéelds shows that object/surface interaction effects can make sig-
for studying problems in which objects are located abovsficant contributions to received cross sections.
a rough surface, as demonstrated in [13], [16], [17] amongThe next section briefly reviews the numerical model
employed in the study and Section Ill describes the particular
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with relative complex permittivity,. The numerical model ap- surface edges. Tests of tapered wave influence in the flat sur-
plied to solve this problem is an iterative method of momentace limit have been performed in [4] through comparison with
(MoM) solution for single frequency induced volumetric cura plane wave incidence halfspace Green’s function numerical
rents in the dielectric object and induced electric and magnesiglution [27]. Results of the comparison show only slight dif-
surface currents on the rough interface. A point matching formierences (within 1.5 dB) between tapered wave and plane wave
lation is applied and matrix multiply computations required inadar cross sections obtained from object and object/surface in-
the iterative method are accelerated through use of the canonteghction effects. Use of the tapered wave and the finite rough
grid method [19], [20] and the discrete dipole approach (DDASurface horizontal area limit target heights above the surface,
[21], [22] to compute surface to surface and object to objeathich should be limited to approximately the incident field spot
point couplings, respectively, i@ (N log N), where N is the radius for the oblique incidence angles considered in the paper.
number of surface or object sampling points. A standard iteddewever, since object/surface interactions are of primary in-
tive method (the “bi-conjugate gradient stabilized” (BiCG-staldgrest in this study and since these effects can be more signifi-
algorithm [23]) is used on the combined object/surface matroant for smaller height objects, the results presented should still
equation and the system is preconditioned through a “flat syarovide a useful illustration of combined object/surface effects.
face” approximation for surface to surface contributions andMethods for addressing target heights beyond these limits are
low-accuracy DDA solution for object to object contributionscurrently being developed.
The model is described in detail in [24], where an example of Due to the presence of both object and distributed source (the
scattering from an object located below a rough interface is pnr@ugh surface) scatterers, total radar cross sections obtained are
vided. The model is limited by current computing performanagependent on the rough surface area illuminated by the incident
to surface geometries which are of moderate size in termstapered wave. For example, in the limit of a very large spot size
the electromagnetic wavelength (up to approximately 6% incident field, rough surface scattering effects become more
64\ horizontal areas are reasonable at present) and of modeli&ily to dominate object scattering effects due to the larger
roughness compared fo Target sizes must also remain modsurface area illuminated. To reduce this dependency on the
erate in terms of the electromagnetic wavelength. incident field used, scattered fields in the study are calculated
The rough surface profiles used in the study are realizatiobsth for the combined object/rough surface problem and the
of a Gaussian random process and for simplicity are choserréaigh surface only problem and subtracted to yield “object
have an isotropic Gaussian correlation function. The resultinginus no-object” fields. Coherent and incoherent cross sections
surface statistics are described completely by the surface ratgained from these difference fields then contain only object
heighth and correlation length Due to the statistical nature ofand object/surface interaction scattering contributions which
this problem, scattered field results obtained from an ensembleould be insensitive to the incident field used if the spot size
of surface realizations are considered. While a large numberoointains the object and regions of the surface which contribute
realizations is desirable for more accurate estimates of scattei@abject/surface interaction effects. Tests with larger tapered
field statistics, computational issues described in Section Ivave spot sizes confirmed that difference field cross sections
limit the current study to twenty realizations. Convergence testsowed only minor variations. Note that the object/surface
with the obtained data show that average cross sections dstieraction effects defined here include shadowing of the rough
mates should be accurate to within approximately 3 dB. Boslurface by the object as well as other interaction mechanisms.
coherent (i.e., cross sections computed from the average fiel®iurface-only incoherent cross sections will also be illustrated
the Monte Carlo simulation) and incoherent (i.e., cross sectioasd compared with results from the first two terms of the small
computed from the average power minus the coherent povetwpe approximation (SSA) [28], but again remain dependent
in the Monte Carlo simulation) are presented. Coherent crass the area illuminated.
sections provide an estimate of the average scattering behaviaConsideration of the primary scattering effects of this
while incoherent cross sections provide information regardimpgoblem suggests that coherent backscattered difference fields
the level of variation to be expected for differing rough surfacghould resemble those obtained for an object above a flat
profiles; these statistics can also be used in designing signal pgorface in the small roughness limit and those obtained for an
cessing algorithms for removal of clutter contributions [11]. Alebject in free space in the large roughness limit. A four-path
though in many applications such averaged results would notinedel [4] based on image theory and a single scattering inter-
readily available in a given measurement, the coherent and aetion with the object can be developed to describe this process;
coherent fields to be presented comprise a basic second-ottier basic mechanisms of this model with a flat interface are
statistical description of scattering in a combined object/surfaitieistrated in Fig. 2. Evaluating the four-path model requires
problem. summing the appropriate object bistatic scattered field for each
Because the rough interface modeled in the simulation is @éth with phase shifts according to the path lengths traveled
finite size, a “tapered wave” incident field is used to avoid suand including Fresnel reflection coefficients for paths that
face edge scattering effects. Incidence angle$S af@ 45 from encounter the boundary. To include rough surface coherent
normal incidence are considered in this paper, and the respectigattering effects, the Fresnel reflection coefficients involved
tapered wave formulations are provided in [25] and [26]. Thia paths two through four are simply multiplied by the standard
tapered waves used in the study are chosen so that the objeagh surface reflection coefficient modification [18].
is well within the 3-dB “spot size” of the incident field while  Total incoherent scattered fields should be caused both by
approximately 60-dB incident field attenuation is obtained afirect surface backscattering (not included in the difference
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(a) (b) at approximate times 6£0.60 ns and-0.42 ns for O and 4%
incidence, respectively. Surface-only backscattering returns are
\\ \ centered at time zero and are spread in time from approximately
—0.7 nsto 0.7 ns at 45ncidence (calculated from the 3-dB ta-
S :] 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
D I::] 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.
Fig. 2. Scattering mechanisms of four-path model. (a) Path 1. (b) Path 2. V. COMPUTATIONAL |SSUES

(c) Path 3. (d) Path 4.
A 1.281 m by 1.281 m surface size is used which ranges from

. . . . .5 t0 21.35 free space wavelengths side dimension as the fre-
fields) and by object/surface interaction effects. The four—pagaency varies from 2 to 5 GHz. The tapered wave 3-dB spot di-

model sugg'ests that th,e Iatter_ are likely to be dominateq ¥neter with parametgr= 5.333 [25] isthen 28.3 cm so that the
paths_ that |_nvolve a single blstat|c_ scatter from the Objefibject is well within the tapered wave illumination pattern. The
combined vy|th near specular scatt_enng from the rough Surfaﬁ_ﬂerface is sampled into 256 by 256 points, producing a sam-
However, since incoherent scattering from the rough surfaceisyq rate of 5.36 points per wavelength in the dielectric medium
distributed through a range of angles, incoherent object/surfaggne highest frequency; tests with 512 by 512 points in the flat
interaction effects can be very complex and difficult to describ@rface limit showed negligible cross section variations. While
completely. Examination of time-domain results in Section ¥ smaller number of surface points could be used for the lower
will provide some limited indications as to the most importarffequencies, a constant number of points sampling the rough in-
contributions in the small target height example considered. terface as frequency is varied was chosen for convenience. The
resulting number of field unknowns on the interface is 262 144.
IIl. EXAMPLE PROBLEM A “strong” bandwidth of 15 points and one canonical grid series
term were used in rough surface matrix elements, as described

A dielectric rectangular box with dimensions 7.62 Cry 4]: single realization tests confirmed that these parameters
by 7.62 cm by 2.54 cm (thickness) and relative permittivityp,q,1d provide accurate results.

€3 = 3+ z‘O.(_)3 is used as the object in this study. Th_e center The object is sampled on a 832x8 point grid with step
of the box is located 8.89 cm above the rough interfacg,e 3 175 mm (ranging from approximately 1/27 to 1/11 of
between free space and a medium with relative permittivifye \vavelength in the object as frequency varies), resulting
€2 = 5+11.25. Scattering for this geometry is to be determineg, 5 total number of 13824 object unknowns. The combined
for a field incident at eitherQor 45 from normal incidence at problem thus contains approximately 276000 unknowns.
sixteen frequencies from 2 to 5 GHz. A rough surface correlgyhile this large number of unknowns would be prohibitive for
tion length of 3.58 cm and surface rms heights of 3.58 mm g{any integral equation based methods, the efficient algorithm
1 cm are used, so that the surfaces range from slightly rougpp”ed makes the current study possible.
at the lowest frequencykf = 0.15 or 0.42, respectively,  Although, the problem considered can be solved on a PC level
where k is the electromagnetic wavenumber) to slightly tatform for a single realization, total computing times for the
moderately rough at the highest frequenéy. (= 0.375 or multiple cases considered in this paper were further reduced
1.05, respectively). However, rms slopes for these surfagggough use of IBM SP parallel computing resources at the Maui
are approximately 8and 22, respectively, making the largerHigh Performance Computing Center [31]. Since results as a
height surface exceed the limitations of standard perturbatihction of frequency for multiple realizations were of interest,
theory [29]. The problem considered could model scatterirgngle frequency-single realization calculations were performed
from vegetation components above a soil surface or fromo@ individual nodes of the parallel computer (comparable to
vehicle component above a road surface. Note the problem atgD platforms) to obtain twenty realizations with 16 frequen-
scales with frequency, so result implications are not directjes between 2-5 GHz. Single frequency computing times on
limited to the geometrical lengths above. a single node ranged from approximately six to fourteen hours
Time domain scattered fields are obtained from frequenegpending on frequency, incidence angle, and surface statistics;
swept data through an FFT operation preceded by multiplidarther studies of method parameter choices and alternate it-
tion with a third-order Kaiser—Bessel window to reduce siderative algorithms [24] would be likely to allow reduction of
lobe levels. Time zero is defined to correspond to the centertbese computing times. Four-path model contributions were cal-
the mean level of the rough surface £ 0) in Fig. 1, so that culated using an object in free space DDA code [21], [22] with
object scattering returns occur at negative times. A calculatithe same grid as in the combined surface/object code and syn-
of expected time delays shows object scattering contributiotiesized following the procedure described in [4].
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Fig. 3. Average object minus no-object backscattered radar cross sectibitg 4. Coherent object minus no-object backscattered radar cross sections
versus frequency for®incidence. (a) Coherent. (b) Incoherent. versus frequency for 45incidence. (aHH. (b) VV.
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V. RESULTS
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A. Frequency Domain
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Fig. 3 plots average coherent [plot (a)] and incoherent [plc3
(b)] object minus no-object backscattered copolarized rad§i—40
cross sections versus frequency fot Gbservation and for & .,
both the rms height 3.58 mm and 1 cm cases. Also includ¢E
are the corresponding cross sections for the object above a*~
surface, as well as predictions for coherent cross sections us
the reduced reflection coefficient four-path model. Coherel - [ OWWinooherer
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and approach those for the object in free space. The four-p: £ 1
model is found to perform very well for this case, indicating &-so N gﬁ}éﬂﬁi?ﬁ@?ﬂﬂ ]

that its approximations remain reasonable even in the presei 3 ol , _ ; O _ovjsutRmstom |

of rough surfaces. The success of the four-path model indicar — 2 25 S ey 45 5

that terms involving more than one object scattering process

can be neglected for normal incidence in this problem. Fig. 5. Incoherent object minus no-object backscattered radar cross sections

Incoherent object/surface interaction cross sections in plot {{§jsus frequency for 45incidence. (aHH. (b) VV.
are found generally to increase with frequency, as expected for
these surface statistics since more power in coherent fieldbe&weenHH and VV returns. Differences of rough surface
converted to incoherent power at higher frequencies. For tbeherent cross sections from those with a flat surface are less
smaller rms height surface, total incoherent scattering contnieticeable than in the°Ccase, due to the reduced Rayleigh pa-
butions remain smaller than coherent returns, while incohereatneters obtained at oblique incidence and smaller differences
scattering is larger than coherent scattering at some frequentiesveen the object in free space and object above a flat surface
for the rougher surfaces. The latter case demonstrates thatredrns at 45. The accuracy of the four-path model (plotted
ject/rough surface interaction effects can make important camly for the rougher surface case) is also reduced compared
tributions to total object scattering so that object returns abotegeFig. 3; similar levels of error are observed when comparing
differing rough surface profiles can vary significantly. four-path and numerical model results with a flat surface.

Figs. 4 and 5 illustrate coherent and incoherent scatteriigese discrepancies indicate that paths involving more than
returns, respectively, for 45incidence inHH [plot (a)] and one object scattering process are more important for oblique
VV [plot (b)] polarizations. Polarization differences should bpaths, as discussed in [4].
observable in this problem for oblique incidence backscatteringincoherent returns in Fig. 5 show that incoherent object/sur-
due to polarized object scattering and due to the polariZace interactions can be greater than coherent scattering even
tion sensitivity of rough surface scattering at oblique anglewith the small height surface at some frequencies. Incoherent
Coherent cross sections indeed show significant differenaesurns for the larger-height surface are comparable to or greater
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Fig. 6. Comparison of rough surface-only incoherent backscattering Wity 7. Envelope of time domain object minus no-object backscattered fields
small slope approximation versus frequency. (ajritidence, rms height 3.58 for o incidence. (a) Surface rms height 3.58 mm. (b) Surface rms height 1 cm.
mm. (b) @ incidence, rms height 1 cm. (c) 45ncidence, rms height 3.58

mm. (d) 45 incidence, rms height 1 cm.

included, as well as returns with the object above a flat sur-
than coherent returns at almost all frequencies for bitrand face. Incoherent returns again include object/surface interaction
VV polarizations. A generally increasing trend with frequencgPntributions only. Coherent returns in Fig. 7 show general
in HH is again observed, whilgV results in the low rms height agreement with fIat'surfaC(.e results for the lower rms height
case show a slight decreasing trend at higher frequencies. Exgi#face, but appreciable differences for the rougher surface.
nation of these dependencies is difficult given the many possiti@t€ object scattering returns centered around tin@e6 ns
scattering interactions between object and surface. show only minor deviations from the flat surface case since

A validation of rough surface-only incoherent cross sectiofl® Surface scattering sources have been encountered (other

for the specified tapered beam is presented in Fig. 6 whdhan sidelobe contributions from later times.) The large returns
results at O [plots (a) and (b)] and 45[plots (c) and (d)] are appearlng_around time zero in th_e fIat_ surface case dem_on-
compared with predictions of the first two terms of the SSA. Atrate the importance of the bistatic object/surface interaction
Monte Carlo simulation using 100 surface realizations was us@§gchanism of the four-path model for this geometry, because
to obtain SSA results [32], so that the curves obtained shdiglds scattered from.the target _mto.a near specular sqatterlng
some residual variations due to the finite number of realizatiofioM the surface owice-versawill still appear around time
Numerical model results are in good general agreement wif© [4]- Coherent returns around time zero in the rms height
the SSA, although some differences within approximately 4 gl €M case begin to approach results with the object n free
at the lower frequencies (where the tapered wave causeSPACe (not plotted). Incoherent scattering contributions®at 0
larger degree of angular averaging) are observed. OverQfCUr primarily at times after initial object returns, so that time
the reasonable agreement obtained however validates bothdRE1&in object detection strategies would be likely to work
numerical model and the SSA prediction for the surfacdéell in this case, particularly for the smaller height surface.
considered. Incoherent surface only scattering at 0 degrédif@! object/surface incoherent interaction effects are found
generally increases with frequency, while cross sections {§tP€ slightly time shifted from time zero, where surface-only
45 show a decreasing trend in the small height case afgattering would be centered in time. This is consistent with
only slight increases for the rougher surface. Comparisoff§ dominant four-path mechanism of a bistatic scattering from
with object/surface interaction incoherent returns in Figs. 1€ object followed by a specular scattering from the rough
and 5 show that surface-only incoherent scattering generailyfface, since a transmission through the object would result in
dominates object/surface interaction incoherent effects for fRe>light time delay. Object/surface interaction effects are also
tapered beam used, except at higher frequencies amtHin observed to show effects at later times, as would be expected

polarization for the smaller height surface. for multiple object/surface interactions.
Figs. 8 and 9 illustratedH [plot (a)] and VV [plot (b)]

time domain statistics for the rms height 3.58 mm and 1 cm
cases, respectively, for 45ncidence. Similar observations
Fig. 7 presents time-domain object minus no-object backsceggarding coherent fields are obtained in this case, with only
tered field envelopes (in decibels) fot hcidence in the rms slight differences from flat surface returns observed with rms
height 3.58 mm [plot (a)] and rms height 1 cm [plot (b)height 3.58 mm, while larger differences are observed in the
cases. Both coherent and “incoherent” (i.e., the standard deugher case as coherent fields approach those for an object in
viation of the field envelope as a function of time) returns arfeee space. Incoherent returns generally show a greater degree

B. Time Domain
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Fig. 8. Envelope of time-domain object minus no-object backscattered fieldigy. 9. Envelope of time-domain object minus no-object backscattered fields
for 45° incidence: surface rms height 3.58 mm. K#). (b) VV. for 45° incidence: surface rms height 1 cm. (. (b) VV.

of time spreading than in Fig. 7, so that less “object-only” (a) 0 degrees, Rms 358 mm
time is available before incoherent effects increase, potentiag
making object detection more difficult. Incoherent scatterini:,i'20 /\
is generally comparable to coherent scattering for the rougt £ s , \
surface case, again indicating that a large degree of variatig / \
in time domain object returns would be observed as differe s M/

(b) 0 degrees, Rms 1 cm

surface profiles are encountered.
For comparison, time-domain surface-only backscatter&
field envelopes are plotted in Fig. 10 fof (plots (a) and (b)] =~ =77 e | ° 2 % e e 0 2°
and for 45 [plots (c) and (d)]. Incoherent returns for thest (c) 45 degrees, Rms 3.58 mm (d) 45 degrees, Rms 1 cm
slight to moderately rough surfaces &t @bservation show a
time spread that is determined by the 3-GHz bandwidth al
envelope function used, while returns af 46e spread in time :
according to the tapered wave spot size. The resulting fie2
envelopes at oblique incidence are distributed near-uniforr § *° b
through the incident field illumination range, although somg_50 i 5
residual variations due to the finite number of realizatior= ——tt——r————r, P T YRR
averaged remain. Note, that surface-only returns in the obliq_ Time [ng] Time [ns]
case oceur af{ times Pnor to the. Ob]eCt_onl.y scattering in I.ZIQS.FSQ. 10. Envelope of time-domain surface-only incoherent backscattered
and 9, showing again that object detection could be d'ﬁ'CLﬂtlds (a) 0 incidence, rms height 3.58 mm. (b) thcidence, rms height 1 cm.
for these geometries. Surface incoherent cross sections for thes incidence, rms height 3.58 mm. (d) 4fcidence, rms height 1 cm.
tapered wave used also are typically larger than object/surface

interaction incoherent effects, except at later times in SOM8ih the time and frequency domains show that both direct

cases. surface backscattering and object/surface interaction terms can
be important depending on the frequency, surface statistics,
polarization, incident antenna pattern, and scattering geometry.
The results of this study demonstrate some of the coherémtoherent object/surface interaction effects observed appear
and incoherent scattering effects that can occur in combineghsistent with a four-path model interpretation in which the
object/rough surface scattering problems. Coherent cross ssaminant contribution is from an object bistatic scattering
tions were found to resemble those for an object above a ffatlowed or preceded by surface forward scattering, although
surface in the small roughness limit but to approach those fwsmplete conclusions in this regard are difficult to obtain due
an object in free space as the roughness increased. A four-gattthe complexity of the object/surface interaction process.
model using a rough surface reduced reflection coefficient w@werall results indicate that both rough surface backscattering
found to match coherent cross sections well for normal iand bistatic scattering effects should be considered when an-
cidence observation, although the accuracy was degradedlgizing returns from an object above a rough surface. Further
obliqgue observation where multiple object scattering effec#gpplications of these results and the iterative method of mo-
can become more important. Incoherent scattered fields ments (MoM) model include evaluation of approximate models
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for combined surface/object problems [5]-[9], design of im-[16]
proved matched filters for signal processing algorithms, and
tests of target detection techniques in the presence of rouqlpn
surface clutter.
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