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Coupled Canonical Grid/Discrete Dipole Approach
for Computing Scattering from Objects Above or
Below a Rough Interface

Joel T. JohnsarMember, IEEEand Robert J. Burkholdesenior Member, IEEE,

Abstract—A numerical model for computing scattering from a  studies of landmine detection [5], foliage and surface remote
three-dimensional (3-D) dielectric object above or below a rough sensing [2], or target detection and signal processing problems
interface is described. The model is based on an iterative method [6] provides further motivation for model development.
of moments solution for equivalent electric and magnetic surface S | . ical studi f ttering f biect
current densities on the rough interface and equivalent volumetric everal previous numerical studies o scattering from objec _S
electric currents in the penetrable object. To improve computa- N the presence of the ground have been reported. For geometries
tional efficiency, the canonical grid method and the discrete dipole with a flat surface model, a Sommerfeld Green’s function can
approach (DDA) are used to compute surface to surface and object pe derived for frequency domain methods, and discretization is
to object point couplings, respectively, inO(N log ), where N 1oqyired only on the object [7], [8]. Time domain studies of ob-

is the number of surface or object sampling points. Two distinct it- . tsin th fflat b daries h Iso b ted
erative approaches and a preconditioning method for the resulting 1€CtS IN theé presence ot flat boundaries have also been reporte

matrix equation are discussed, and the solution is verified through [9]. Previous studies including objects and surface roughness
comparison with a Sommerfeld integral-based solution in the flat have primarily been limited to one-dimensional (1-D) surface
surface limit. Results are illustrated for a sample landmine detec- geometries (i.e., surfaces having roughness only in one hori-
tion problem and show that a slight surface roughness can modity ;4nta direction) [10]-[13] since surface unknowns must be in-
object backscattering returns. . - .

cluded and computational requirements are increased. Problems

Index Terms—Electromagnetic scattering, ground penetrating involving two-dimensional (2-D) surfaces and 3-D objects have

radar (GPR), radar cross section, rough surface scattering. been considered only in a small number of studies [6], [14] due

to the large computational requirements, and have been limited

l. INTRODUCTION in most cases to perfectly conducting objects.

. . . In this paper, an efficient numerical model is described which
E LECTROMAGN.ETIC sqatterlng from ijgcts IS aﬁgcte%akes studies of scattering from a 3-D dielectric object in the
by the surrounding medium. Many realistic geometries i

| biects in th fih 4. which is oft rﬂ)’resence of a 2-D rough surface possible. The model is sim-
volve objects in the presence ot the ground, WhiCh IS OREN MG 14 that used in the perfectly conducting object study of [6],
eled as a planar dielectric boundary. However, roughness on

d surf tentiall difv obiect scatter; ¢ dl is based on an iterative method of moments solution. The
ground surface can potentially modify object scattering re urﬂﬁegral equation formulation and resulting matrix equation are

from those with a fiat surface, particularly in cases where ﬂﬂ)(?esented in Section Il. Iterative solutions of the matrix equation

rOL:_ghness IS 1z€ t?]ecp? st Iargirtthhan afragtllon of_the eleclt_ro ¢ sed on a standard nonstationary algorithm [15] or based on the
netic wavelength. Analysis of these problems 1S complicate ultiple interaction” iteration of [6] are then discussed in Sec-

by the many po_ssmle scattering |ntera_ct|ons betwe_en the rO_L{% [1l. Efficiency of the iterative solution is improved through
surface and object; at present, approximate analytical solut|cH§se of the “canonical grid” (CAG) method [16]-[22] and the
exist only in the small roughness limit [1]-[4]. The develOpmerH'screte-dipole approximation (DDA) [23], [24] for computing
of n_umerical mod_els i_s therefore of interest ginqe these mod face to surface and object to object po,int couplings, respec-
aV(.)'d any approxmaﬂons_ and thus can _clar|fy Important SCEH\'/ely, as described in Section IV. A sample application of the
tering effects when analytical methods fail. The fact that a COMhodel to studies of scattering from a subsurface object is then

bined object/rough surface scattering model can be apIC’“edilfﬁstrated in Section V, and final conclusions presented in Sec-
tion VI.
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Mz (i.e., surface currents assumed constant over a surface patch
: and integral equations “tested” at a set of points) is applied to
these equations as described in [16]-[22], [25], so that surface
Region 1: & €y by | - current divergence¥” - (F/W’D andV’ - (@/W’D can be

' : computed numerically using a centered difference method.
W Examination of self terms in (1) and (2) (i.e., when source and
observation points overlap) shows cancellation of all terms
involving Vg, for surface patches modeled locally as tilted
planes due to symmetries in the integration. Singularities in
the g; terms are integrable, and calculated efficiently through
standard analytical subtraction/addition methods.

Region2: & &y H,

Object €€ M,

Fig. 1. Geometry of problem: object may be above or below boundary.

B. Object Integral Equation

A. Surface Integral Equations A dielectric object in Region is replaced by an equivalent

For convenience, electric and magnetic surface current dehectric volumetric current density, for which the resulting
sities on the interface are defined herefas= m N x H; and integral equation is
G = —N x E1, respectively, wheré’, andH, are the total . .
electric and magnetic fields in Region 1 on the interfageis = Einc,v + /// - dViiwpog;
the characteristic impedance of Region 1, #hds an upward object

pointing normal vectog — (8 f/0x) — 4(0f /0y). Following NT- RE+ ikl —1 (f _ 3}?}?) T @
the formulation of [25] and assuming an“* time dependence, /%‘?RQ
integral equations fof” andG are where
7o o R -7
7= f[ o R (=7 /(=7
— 1 unit dyad,;
Rik1 g1 G+Vg xF— <E) |N/| v & E;y. . field whichimpinges upon the object including con-
iky |N ’| tributions from electric and magnetic surface current
+ N X Hine 1 (1) densities on the interface= f(z, y) and the field
a o which excites the problem if the object is located in
-3 =—N x // da’ dy’ Region1.
A . In a point discretization of with uniform volumeAV/, (4) can
= = (Vo\ v g | F also be expressed in terms of a set of “dipole momemtsZ
'{Lklg?F_Vg?XG_ <E) V| [;V <W> } AV J(i/4mejeqw), leading to a “discrete dipole” representation
SN X B s @) of equivalent currents [23]. Equation (4) involves three scalar
e unknown functions: thé, 3, andz components off. Self terms
where k; = ko,/¢; for j = 1---3 is the wavenumber in this formulation are described in [23], and replace the electric
in Regionj; ko = w./loeo = (27/A) is the free-space field on the left-hand side of (4) witl* /o wherex is given by
wavenumber for electromagnetic wavelengthand radian S
frequencyw; and g; is the free-space Green's function in _BAV | ¢
Region; | B, ®)
ik; [T—7| K
g; (7, 7) = ‘317_ (3) Note that inhomogeneous objects can also be included in the
dm |7 — 7| present formulation simply by varying values &f and « for

O[f)oints in the object; homogeneous objects are considered in the

where V and V' denote the gradient operator in terms L
égsults shown for simplicity.

unprimed (observation) and primed (source) coordinat

respectively, and the integration is_ovgr the _horiz_ontal projected gyrface and Object Coupling

aread of surfacez = f(z, y). The incident fieldsH .. ; and ] o )

E; . » describe fields which impinge from above or below the ©0UPling between surface and object is computed using for-

boundary, respectively, and will include contributions from thEulations similar to (1), (2), and (4). For an object in Region

fields ;.. and H;,.. which excite the problem (assumed t(?' coupling from surface sources to object observation points is

approach from Region 1) as well as the dielectric object. uSalculated from

of the Stratton—Chu form and surface divergence operators in Eipe v =— / / da’ dy'iky1 go

(1) and (2) results in four scalar unknown functions (i.e., the A

« andy components of” and G, from which thez compo- N7 - kR ik R —1 7 s\ T

nents can be determined) to be found, as opposed to the six + k3 R? ( )

unknown scalar function formulations which have been used ;. tkeR—1
+ de’ dy go———

A

previously [6], [18]. A standard point matching discretization R (fxG) ®)
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and coupling from object sources to surface observation pointdn many problems of interest, scattering from the rough inter-
is found by evaluatingv;, ., » from the integral term in (4) with face can be much larger than that from the dielectric object (e.g.,
k; = k. For an object in Region 1, surface source to objetiie case of a low contrast landmine buried in a lossy medium).

coupling is obtained from In this case, a matrix equation in terms of object minus no-ob-
_ _ L ject difference fields can be formulated to clarify effects of the
Einc,v = Eine + //4 dz’ dy'ikig1 object. If the no-object problem is first solved through
) F _RR+ Lklsz; 1 (? _ 3]:?]:?)} T [Surface : Surface][Fo, Go] = [Q: ] (20)
1

: then the object minus no-object currents can be obtained from
_ da’ dof/ M(}? x G) @)
" T p ‘ Surface : Surface —Object : Surface

whereE;,.. is the electric field which excites the problem. Ob-

. o —Surface : Object Object : Object
ject source to surface coupling is found from =
ik R 1 F— F07 G- GO
Finc, 1= Finc + /// dV/glLli(R X 7) (8) —
object R J
where H,,,. is thg magnetic field which excites the problem 0
corresponding t@; .. = . (11)
In the results to be shown, object and surface points do not Surface : Object{Fy, Go}

overlap, so that no singular terms in the coupling equatloﬁ‘?ﬂs differencing procedure is useful with an iterative solution

are encogntereql._ For geometries which do contain overlapplﬁﬁhe matrix equation, since it insures that accuracy is retained
points, singularities can be extracted and integrated by the

. ) inobject scattering effects. The surface only solution is typically
bmee(::Opdesrfg(rarigljbi?]dtrfgrc(ulr)r’egzt)i'maglgrf]i)ﬁtZLE?)ﬁugh this has nsol}bstantially !ess expgnsive than the cor_nbined surface/quect

' problem (particularly with the canonical grid method described

in Section 1V) so that the additional computations are tolerable.
o ] ) _ Consideration of object minus no object scattered fields also
~ Combining the surface, object, and coupling equations resuffsmonstrates an important issue in interpreting results for com-
in & matrix equation in terms df, &, and.J. For an objectin pined surface/object problems. Since object scattering is typi-
Region 2, the matrix equation can symbolically be written as 41y discussed in terms of radar cross sections while surface

D. Combined Matrix Equation

Surface : Surface —Object : Surface scattering is more appropriately described as a cross section per
unit area, surface/object scattering problems include both stan-
—Surface : Object Object : Object dard and area extensive geometries making the definition of a
7.G Q, radar cross section ambiguous. The results of this paper treat
_ e (9) fields radiated in Region 1 by the difference currenis’ =
7 0 F—Fy, AG = G—Gy as equivalent to those radiated by an ob-

ject in defining a radar cross section. However, since these dif-

where “Surface : Surface” block represents minus the intiag?@ ence currents contain object scattering but also interactions
terms on the right-hand sides (RHSs) of (1) and (2). The "OBgqyeen the surface and object, a standard cross section is not

ject: Object” block represents minus the integral term on thgyained and results remain sensitive to the particular surface
RHS of (4), and “Object : Surface” and “Surface : Object” bIOCkﬁeometry and incident field considered.

are derived from integral terms of the equations described in

Section II-C [written as negative since they originally appear on

the RHSs of (1), (2), and (4)]. The case for an objectin Region 1

is similar and will not be separated in the following discussions. Since the matrix equation (9) for 2-D surfaces and 3-D di-
The “Surface : Surface” and “Object : Surface” blocks of thelectric objects is likely to contain a large number of unknowns,

matrix equation are ordered so that thandy components of direct inversion of (9) is Computationally inefficient. Iterative

(1) for a single observation point are following by theaindg  solutions can be developed based on a multiple interaction pro-

components of (2); this arrangement places+h¢2 self con- cedure [6] or through an application of standard nonstationary

tributions on the diagonal of the “Surface : Surface” componetigrative methods [15]. The former is accomplished for object

when theF andG unknowns are ordered ., F,,, G,., and Minus no-object difference currents by iterating

G, for a given source point in the unknown vector. The RHS . . —(n+1)

@jnc thus is ordered a8 - N x Hine, 4+ N X Hine, 0,0 [Object : Object] [‘] }

for gach surface observation point. The “Surface: Object” and  _ [Surface . Object {Fo + AF("), o + A@(’OH

“Object : Object” blocks are arranged so thafj, andz compo-

nents of (4) appear in succession for a given object observation (12)

point, while the unknown vector contains successive/,, and [Surface : Surface] [AF(nJrl), Aﬁ(nﬂ)}

J. values for a given object source point. These choices locate _ —(n+1)

1/« terms on the diagonal of the “Object : Object” matrix. = [ObJeCt : Surface {J H (13)

I1l. | TERATIVE METHODS
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with the iteration initialized througmﬁ(o) =0, Aé(o) — (0. strong distance are needed. Other surface scattering acceler-
The “Surface : Surface” and “Object : Object” matrix equationgtion techniques [14], [26] are likely to be more effective for
are solved with the nonstationary algorithm described belol@rge surface slopes and heights, but are unlikely to obtain the
with an initial guess for thén + 1)th solution taken as the €fficiency of the canonical grid method for small to moderate
nth solution to improve convergence at each surface to objéetighness surfaces. For the “Object: Object” block, the object
iteration. Since each iteration corresponds to an additional ifilaced inside a uniform Cartesian grid and volumetric electric
teraction between the surface and object, the method shottirent sources set to zero in grid locations not occupied by the
be expected to converge rapidly for cases lacking strong s@bject. Three-dimensional FFT [27] computations involve the
face/object interactions. Convergence can be monitored in teréfiéire object grid, however, so the acceleration routine is most
of a “pseudo-residual” by examining the normsaf "t _  effective if the object occupies a significant fraction of the grid
AF™ andAG" Y _ AGY. volume; elongated Cartesian grids can be used if necessary to

Nonstationary methods applied to the combined object/Sl'J'?:Sure tha} th|_s oceurs. }Jse of a uniform Car_te5|an grid can
introduce “stair-stepping” errors in non-Cartesian boundaries,

face matrix equation (11) can potentially provide improved ; : .
Ix equation (11) P 1ally provide improv @ch are alleviated only through increased sampling rates.

convergence properties for cases with strong object/surf% , 23 iders th ¢ herically shaped
interactions and also converge in terms of the absolute resid erence [23] considers €Se erTors for a spherically shape
ject and shows that sampling rates from 10 to 20 points

of the matrix equation. The biconjugate gradient-stabilize . .

algorithm (Bi-CGSTAB) was chosen for this paper, since per wavelength in the object are acceptable. Both the canon-
S . . ' ical grid and discrete dipole methods providé N, log N,)

has been found effective in previous studies of rough surfa&?d O(N,log N,) muliiplies for “Surface: Surface” and

scattering. Preconditioning can be beneficial with nonstationg bject - Object” calculations, respectively, wheré, is the

methods if an approximation to the original matrix can be foun ber of surf K a4, is th ber of obiect
which is easily inverted. This is accomplished for the matriQUEO?Armos surface unknowns and, Is the number ot objec

of (11) by neglecting surface/object coupling and employinlén

an approximate solution of the “Surface : Surface” block based’\:qte that SutrfaceiOb:egt_ ‘iﬂd Objectt:SE[Jr:fadce cdott:]plmgf;
on a “quasi-physical optics” procedure as described in [2 \airices are not accelerated in he current metnod, and ineretore

The “Object: Object” block of the preconditioner is solve quire O(N,N,) computations. Development of FFT-based

through another Bi-CGSTAB routine set with only a mooleraacceleration methods for these terms is complicated by the dif-

convergence accuracy. The effectiveness of this preconditio weind sampling requirements ahand (', &) since differing

is determined by the ratio of the number of surface and obje Flectrlc media are mvolve_d. Use O.f FFT-based _methods f_or
unknowns; for cases with a much larger number of surfasgurees and observation points on differing sampling rate grids

unknowns, the “Object: Object’ solution is not expensiv@’omd require careful considgration. Other matrix multiply
and the preconditioner is warranted. The matrix multipl ccelerslltlon meththShc;sn aga|r]1Vav0|dthleset.problfems. Hlpwever,
acceleration methods described in the next Section furtHgf ProP'ems in whichiv, > v, acceleration of coupling

make the preconditioner effective. The results illustrated Iﬂat”x multiplies will provide only moderate gains in overall

Section V were computed using the combined object/surfarcoemIne efficiency.

matrix preconditioned Bi-CGSTAB algorithm to insure that
high accuracy was retained; limited tests with the surface/objectyy SampPLE APPLICATION: SCATTERING FROM A BURIED
iteration procedure of (12) and (13) showed good performance “L_ ANDMINE”

as well.
Fig. 2 illustrates a sample combined object/surface problem:

a rectangular box dielectric object with dimensiang2 cm x
7.62cm x 2.54 cm and relative permittivity; = 3 + ¢0.03 is

To improve computational efficiency, the CAG [16]-[22]located 7.62 cm below an interface between free-space and a
and DDA [24] methods are used to perform “Surface : Surfaceiedium with relative permittivity, = 5 + ¢1.25. Scattering
and “Object: Object” block multiplies, respectively. Bothfrom this object is to be determined for a field incident at 15
algorithms are based on use of a uniform Cartesian grid fivtom normal incidence at frequencies from 2to 5.1 GHz. Results
description of the surface profile (2-D grid) and dielectric obwill be shown for both flat and rough interfaces between Re-
ject (three dimensional grid), and a Toeplitz representation fgions 1 and 2. This geometry is intended to model ground pen-
“Surface : Surface” and “Object : Object” matrices so that muktrating radar observation of a low contrast (i.e., plastic) target
tiplies can be performed using the fast Fourier transform (FFT).moderately attenuating soil; it is clear that object returns may
Toeplitz matrices are obtained for the “Surface : Surface” blodde quite small when compared to potential interface scattering
by expanding matrix elements in a series under the assumptéaffects.
of small height difference relative to the horizontal separation Fig. 2 also shows that a finite size interface (here,
between points on the surface. The number of series terin88m x 1.28m) between Regions 1 and 2 is used in the
retained is a parameter of the method, along with a “stromgodel. To avoid artificial edge scattering effects due to this
distance” between points inside of which the series expansiwancation, the problem is excited by the “tapered wave”
is not used. The method is most effective for small to moderateident field described in [17]. This field is designed to mimic
surface slopes and small to moderate surface heights in te@nsincident plane wave but provides attenuation of incident
of A, for which a small number of series terms and a smdields as surface edges are approached. For tapering parameter

IV. CANONICAL GRID AND DISCRETEDIPOLE ALGORITHMS
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X CAG/DDA

‘ /\ " O Sommerfeld Code
128 m -sor ¥ |

1.28 m

X X

£=5+i1.25 3in

Lin £=3+i0.03 . i | : | ‘ :
3in —% 25 3 35 4 45 5

Frequehcy (GHz)

Sub-Surface Target RCS (dBn12)
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Fig. 3. Object minus no object radar cross sections for geometry of Fig. 2
versus frequency H polarization. Comparison of CAG/DDA method with a
Sommerfeld Green'’s function-based solution.

Fig. 2. “Landmine” detection geometry considered.

g = 5.333, the field incident on surface edges is approximately
60 dB lower than that at the center, and the object horizontzdde ranged from approximately one to eight hours depending
cross section projected onto the flat interface is well withian convergence parameters and the iterative method used;
the 3-dB incident spot size. A test of tapered wave influen@dtempts to optimize computing times have at present not been
will be described below through comparison with a plane wawerformed extensively.
incidence Sommerfeld Green’s function code in the flat surface
limit. B. Validation

To validate the CAG/DDA model, backscattered radar cross
A. Computational Issues sections from the subsurface object were compared with those

Since thel.28 m x 1.28 m interface ranges between 8.5 an@btained by a Sommerfeld Green’s function-based code [29] in
21.76 free-space wavelengths as the frequency is varied frﬁ]ﬁ flat surface limit. Flg 3 illustrates the Comparison versus
2 to 5.1 GHz, the interface is sampled intd8 x 128 points frequency forH H polarization, and shows good agreement be-
in the results shown. Although this is somewhat small for tHween the CAG/DDA and Sommerfeld codes even through a
higher frequencies given that the lower medium wavelengthrglatively large variation in cross sections. Small cross section
approximately 2.25 times shorter than that in free-space, a seYafues observed between 3 and 3.5 GHz can be explained due to
comparisons usings6 x 256 points showed only slight changegnterference between reflections from the top and bottom inter-
in scattered cross sections. While a smaller number of poif@ses of the target, as predicted through a simple multilayer re-
could be used for the lower frequencies, a constant numberflggtion coefficient model. Some discrepancies within 1 dB are
points sampling the interface as frequency is varied was chogd¥served, but are difficult to resolve due to computational limi-
for convenience in describing the rough surface profile. The ri@tions of the Sommerfeld code which is based on direct matrix
sulting number of field unknowns on the interface is 65 53@guation solution. The good agreement also confirms that the
The object is sampled on3 x 32 x 32 point grid with step tapered wave incident field used in the CAG/DDA model is ef-
size 3.175 mm (ranging from approximately 1/27 to 1/11 of tH&ctively modeling a plane wave incident field while reducing
wavelength in the object as frequency varies), so that the dgibiface edge scattering effects.
ject occupies 14% of the grid volume; again this choice was ,
made for simplicity in initial tests but more effective grids (e.g$+ Effect of a Slight Surface Roughness
a32 x 32 x 8 point grid) could be used. The total number of un- Fig. 4 repeats the results of Fig. 3 but includes a slight
knowns for the object is then 13 824, and the combined problesurface roughness on the interface between Regions 1 and 2.
contains 79 360 unknowns. A Gaussian random process descriptionf¢f, y) was used

Although the problem considered can be solved on a R@th an isotropic Gaussian correlation function. A surface
level platform, total computing times for the multiple casekeight standard deviation of 3.58 mm and correlation length
considered in this paper were further reduced through useadf3.58 cm were chosen; this height standard deviation ranges
IBM SP parallel computing resources at the Maui High Pefrom approximately 1/42 to 1/17 of the free-space wavelength
formance Computing Center [28]. Since results as a functiso that the roughness exceeds limitations of the analytical small
of frequency were of interest, single frequency calculatioqerturbation method (SPM) [30] for rough surface scattering
were performed on individual nodes of the parallel computenly at the highest frequencies. Two terms in the canonical grid
(comparable to PC platforms) to obtain 32 frequencies betwesgries and a “strong distance” of 15 points were used to insure
2 and 5.1 GHz. Single frequency computing times on a singkecurate inclusion of roughness effects in “Surface : Surface”
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Fig. 4. Effect of surface roughness on object minus no object radar crdd§- 5. Average in-plane incoherent surface bistatic scattering cross sections.
sections versus frequenci{ H polarization. Results are illustrated for five SPM results are included for comparison.
surface realizations.

. . L o -20f [ — Rough surface only .
coupling. Results were calculated for five distinct realizatior g sl Object/flat |
of the surface random process and object minus no obj<% o Object/rough

“radar cross sections” are compared with the flat surface ce & -40f
in Fig. 4. The presence of surface roughness is observed
have only a moderate influence on object backscattering ver:
frequency, with larger effects obtained at the higher frequenci
where roughness is larger in terms of the wavelength. Althou
further calculations could be performed to obtain a Moni
Carlo averaged object RCS in the presence of the specifi
random process, the single realization results illustrated ¢
also of interest since they also give some idea as to the level
variations that may be observed for a given surface profile.
An additional validation of surface scattering contribution
can be performed for the problem considered through comp  -120 :
) . X . = . 0
ison of surface only scattering with the SPM. Fig. 5 shows tt Time [ns]
comparison of in-planéf H andV'V' incoherent bistatic radar
cross sections (scattering angld5° indicates backscattering) Fig. 6. Envelope of time domaiff H backscattered fields for geometry of
at 3 GHz averaged over 32 surface realizations. Results Bs 2

plotted in terms of absolute cross sections rather than cross sec- . . _—
tions per unit area: SPM predictions are simply scaled by tﬁxgnplltudes than rough surface scattering contributions. Surface

area illuminated by the tapered incident field to obtain the curv«'é%ughneSS effects are observed to have only a moderate effect

shown. Note the much larger surface scattering cross sectigfdme domain object cross sections; results with other surface

compared to those of the object in Fig. 4; the low contrast targ[ fahzatlons show similar levels of differences. The comparison

and moderate attenuation in Region 2 produce this effect, e nF'g'. 6 d_emonstrates the typical problem of small object
seattering in the presence of much larger surface clutter for

with the slight surface roughness considered. Some discrep q rati q ¢ Effecti ianal :
cies between CAG/DDA and SPM predictions near the forwa ound penetrating radar systems. EII€Clive signal processing
orithms are thus required to detect these objects.

scattering region are observed due to inaccuracies in subtracft
of the coherent forward scattered tapered wave that exists for
this slight surface roughness. Overall, however, the good agree-
ment obtained validates the CAG/DDA method developed for The CAG/DDA model presented makes numerical calcula-
calculation of both object and surface scattering. tion of combined surface/dielectric object geometries relatively
A final illustration of combined object/surface scatteringfficient, and can be applied to many areas of current interest.
effects is provided in Fig. 6, which plots the envelope dfurther improvements of the method can be obtained through
time domain backscattered fields obtained from 2 to 5.1 GHzceleration of “Surface : Object” and “Object: Surface” mul-
data for the flat surface case and one of the rough surfactiglies with FFT-based methods or other techniques, and also
Object scattering cross sections are observed to return lateough further tests to optimize parameter choices for the algo-
in time, as expected, and again to have significantly lowethm. The results shown illustrate the importance of including
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possible with the method, and insights obtained from furthef,q
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