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Short-Pulse Electromagnetic Scattering from the MoM in lieu of FDTD because the former only requires spatial
Arbitrarily Oriented Subsurface Ordnance discretization on the target surface (for a surface MoM formulation
[14], [15]), while the latter necessitates discretization of the entire

Norbert Geng and Lawrence Carin computational domain.

Our principal focus here is on the presentation of example results,
which will serve two purposes. First, the detailed phenomenological
Abstract—A rigorous method-of-moments (MoM) analysis is used to study will shed light on the physics underlying wide-band scattering
model wide-band scattering from general three-dimensional perfectly from buried ordnance. Second, since, to our knowledge, similar
conducting objects buried in a lossy layered medium. Here, we focus on ) . ! ! ’
ordnance buried in a half space (soil). The time-domain fields scattered f€Sults have not been published previously, the data presented here

from a tilted antitank mine are examined in detail as a function of Will be of interest for comparison to future computational algorithms,

polarization and observation position. be they integral-equation (MoM) or differential-equation (FDTD)
Index Terms—Radar, scattering, short-pulse. based.
|. INTRODUCTION Il. PHENOMENOLOGICAL STUDY

The method of moments (MoM) has been used as a modeling toofcONSider a cylindrical perfectly conducting target, of 33 cm diame-
for nearly three decades [1], and over this time, it has been ud&§and 16 cm height, buried in soil with dielectric constant 4 and
to analyze a wide range of scattering problems. Here, we are intgpnductivitys = 0.005 S/m. We have performed detailed analyzes on
ested in wide-band (short-pulse) scattering from three-dimensiofidf €ffects of soil type on the scattered fields, and the soil properties
buried ordinance with application to the detection of buried min&€|ected here are representative of a wide class of soils [7], [16]. The
and unexploded ordnance (UXO) [2]-[9]. For such problems, odoM analysis can readily handle dispersive soils [2], [3], [6]-{9],
requires the dyadic layered-medium Green's function [2], [3], [6]_[9ﬁlthough here our focus is on the target !tself. The cylindrical _target
which is often specialized to the half-space case. This Greerf&ected closely resembles the M20 antitank mine [6], [7]. Finally,
function has been discussed in detail in [10], where several alternatf)§ Computer code was validated through comparison with published
formulations have been presented. For wide-band applications, REUItS [2]. [8], [7], in which the special case pbntilted bodies of
must efficiently evaluate the Sommerfeld-type integrals required fifvolution (BOR’s) was considered.
computation of the dyadic Green's function [10]. Here, we utilize 't as been shown in a previous correspondence [6] that the cross-
the method of complex images, a technique developed by (mowpol_anzed fleldsb_ackscatteredtom a BOR are _zero, and thls has been
al. [11], [12] several years ago, and recently extended for gene?’ﬁ"dated e>.<per|mentally through conS|dgrat|0n of tiomtilted MZO
three-dimensional targets [13]. mine [6]. Since many form; of a_nthroplc clu_tter do n_ot satisfy the
Therefore, the techniques used here to analyze scattering frorf @R M0del, the cross-polarized fields potentially provide a powerful
general buried perfectly conducting target are not new, the trianguldfScriminant for distinction of targets and clutter [6]. However, for
patch MoM formulation [1], [14], [15], layered-medium Green's? _bur_led target, _the BOR mod(_el is only gppropnate if the target
function [10], and complex-image technique [11]-[13] having becdXis is perpendlculgr to the _alr—gr_OL'md interface, such that the
published elsewhere. However, despite the importance of the buriéf9et-(layered mediumgompositesatisfies the BOR model [6]. In
ordnance problem, there are few results published in the Iiterature%'ﬁcuce’ however, one may antlc_lpate that_the buried mine may be
the phenomenology underlying this application. We seek to fill thfdted. such that the BOR-composite model is no longer appropriate.
void, considering an antitank mine oriented arbitrarily, with shorf! i Of intérest to determine the degree to which this phenomenon
pulse excitation of general polarization. Previous MoM results f&orrupts the |_deal propertles Of_ the cross-polarized scattered fields.
this problem [2], [3], [6][9] considered both perfectly conducting and A se(_:ond issue of interest |nvqlve§ the a_spect-dependent nature
dielectric (plastic) mines, but the problem was simplified by assumif®j the fields scattered from a buried tilted mine. If the target—(half
that the mine—(layered mediurapmpositewas a body of revolution space) composite satisfies th_e BOR m_odel, the_scattered fields are
(BOR). This BOR assumption requires that the axis of the target BBIY dependent on the spherical coordinates)), independent of
perpendicular to the air-ground interface, precluding an examinatiglf @zimuthal positiom, assuming that the center of the coordinate
of the importance of the mine tilt on the scattered fields. system is along the BOR axis. Now, considetileed mine, with .
One can also model scattering from general buried targets throdjfi center of the coordinate system at the center of the mine,
use of the finite-difference time-domain (FDTD) method [4]. Prevignd With the = axis defined as perpendicular to the air-ground
ous FDTD results have concentrated on near-field applications,'merface' If_ the backsc_attered fields from the_ t_'lted mine are a
which interactions between the antenna and target are accountedSHpnd function of the azimuthal angle then the difficulty of target
rigorously [4]. Here, we are interested in applications for which th€tection is enhanced significantly. Moreover, for synthetic aperture
sensor is distant from the target (synthetic aperture radar [6], [-f]':}dar (SAR) appllcathns [6], [7], the scattered fields from mul_tlple
which, in principle, could also be analyzed via FDTD. We utilizd2rget-sensor orientations are employed to generate a SAR image.
Consequently, a strong dependence of the tilted-mine backscattered
Manuscript received August 12, 1998: revised October 13, 1998. fields on the target-sensor orientation will have an important effect
N. Geng was with the Department of Electrical and Computer Engineerin@ the subsequent SAR imagery.
Duke University, Durham, NC 27708-0291 USA. He is now with the listit ~ We first consider the polarimetric issue, and in Fig. 1 plot the

fur Hoechstfrequenztechnik und Elektronik, University of Karlsruhe, D-7612gr1~ (horizontally polarized receive fields, and vertically polarized
Karlsruhe, Germany. ’

L. Carin is with the Department of Electrical and Computer Engineerin&xcnaﬂon .fle.lds) for a mine t!lted 5 A pulsed plane wave is
Duke University, Durham, NC 27708-0291. assumed incident 30from grazing, with a pulse shape as shown
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Fig. 1. Time-domain fields backscattered from a tilted perfectly conductirfigig. 3. As in Fig. 2,H H polarization.
cylinder, which simulates an M20 antitank mine (inset). We consider the target
tilted at 5. Shown are the incidentpulse (scale on left) and four normalized
backscattered waveforms (scale on right). The cross-polarfZéd fields are ideally zero if the mine is oriented with its axis perpendicular
(which are the same as the/l fields) are shown for azimuthal anglesto the soil—are appreciable even for a modest tilt. This may vitiate
oot 11 i o e conennen e et et e Uiy of polrimetry for SAR-based target denification. A more
soil hase, = 4 ando = 0.005 S/m, and the excitation plane wave isConclusive assessment of this issue will require examination of the
incident at 30 from grazing. relative strength of cross-polarized fields from clutter of interest.
We now consider the copolarized fields scattered from a tilted mine
as a function of the azimuthal angte In Fig. 2, we considel#’ V'
i Y nottilted 1 0.025 backscattering, for a®smine tilt, for anglesyp = 0°, 60°, 120°, and
A ﬁ{iggifé gj;zggzgi) 1 0020 180°. For comparison, we also consider the case when the mine is
~ tilt=5deg (0=120deg) not tilted, for which the backscattered fields are the same fog.all
tilt=3deg (=180deg) 3 0.015 For the¢ = 0° case, the mine is tilted forward toward the sensor,
yielding enhanced backscattered signal strength relative to the case of
a nontilted mine. Moreover, we see that the backscattered fields are
a strong function of the angle, complicating target identification.
Although the detailed shape of the backscattered fields are different
for HH polarization (Fig. 3), these are again a strong function of
the target-sensor orientatign ). Space limitations preclude showing
results for the case of a 14ilt, but this case again manifests an even
stronger difference in the backscattered fields relative to the nontilted
mine. In fact, atp = 0°, the backscatteret' V' fields were almost
e 6 a4 2 o 2 4 6 s 10 12 twice the strength of the fields for the nontilted case, with similar
time [nsec] effects witnessed foll H polarization.

normalized incident pulse p(t)
[w] asuodsal UTEWIOp QW) PIZIeWLIOU

Fig. 2. As in Fig. 1, but forVV'V' polarization. Results are shown for
¢ =0°,60°,120°, and180°. Backscattered fields are also shown for the case IlI. ConcLusion
when the mine isiottilted, for which the scattered fields are independent.of A rigorous MoM analysis has been performed on the polarmetric

time-domain fields scattered from a tilted antitank mine buried in

ianificant f ies that extend t imatelv 1 GHz. Th fsoil. The mine may initially be placed in the ground in a tilted
sighificant frequencies that extend to approximately z. The Taf; nner, or such a tilt could be caused by movement of the mine

zone, cross-polarized backscattered fields are plotted for azimut| fﬂ—:‘r being in the ground through multiple seasons (many mines
anglesy = 60” and¢ = 1200_’ whereg = 0° defines a bisectional )aye peen in the ground for decades). Our results demonstrate that,
symmetry plane through the tilted target. Note that the cross-polarizeth, tor a relatively modest tilt of °5 the backscattered fields
backscattered fields vanish if the wave vector is in the= 0° e gignificantly altered relative to the no-tilt case. In particular,
plane [6]. To quantify the relative strength of the cross-polarizeg hqt tilted, BOR’s have no cross-polarized fields. However, here
backscattered fields, we also plot thel” and HH backscattered \ye have shown that tilted mines have significant cross-polarized
fields for the case when the mine met tilted (for which case, as fie|ds, even for a relatively small tilt angle. Moreover, for the tilted
mentioned, there are no cross-polarized fields). Each backscattqmﬁie, theVV and HH scattered fields are a strong function of
far-zone time-domain waveform is normalized through multiplicatiothe target-sensor orientation, complicating target identification and
by the observation distance(each waveform is also time shifted). SAR imaging. However, these results also underscore the benefit of
We see from Fig. 1 that the tilted mine yields appreciable crosggorous modeling, with which such phenomena can be predicted
polarized backscattered fields, even for the relatively slighy @ a priori and exploited (or, at least, accounted for) in the context
considered here. Although not shown due to space constraints, a¥esignal processing. Finally, we note that the dependence of the
also considered the same mine tilted® 1@r which we witnessed backscattered fields on the tilt angle is a function of the system
an approximate doubling of the backscattefdl” response. These bandwidth. For more narrow bandwidth systems than considered here,
results demonstrate that the cross-polarized fields for a mine—whitie dependence on the tilt angle will be less appreciable. However,
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in this case, the target appears as a point scatterer, for which litti€ovariance Estimation with Limited Training Samples
discrimination capability is possible.
Saldju Tadjudin and David A. Landgrebe
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