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Abstract—Electromagnetic (EM) scattering from subsurface flat air—ground interface so we concentrate exclusively on the
unexploded ordnance (UXO) is investigated both theoretically and effects of target depth and orientation, as a function of sensor

experimentally. Three EM models are considered: the multilevel 53 meters. The dispersion and loss associated with the soil are
fast multipole algorithm (MLFMA), the method of moments .
modeled rigorously.

(MoM), and physical optics (PO). The relative accuracy of these . .
models is compared for several scattering scenarios. Moreover, the  In the work presented here, we consider three models for sim-

model results are compared to data measured by an experimental ulating EM scattering from conducting unexploded ordnance
synthetic-aperture radar (SAR) system. SAR images have been (UXO0): 1) a method-of-moments (MoM) analysis for arbitrary
generated for subsurface UXO targets, in particular 155-mmh perfectly conducting targets in a layered medium, with the lossy

shells. We compare SAR images from the measured data wit di ve | ting the tvoical | d ch t f
theoretical images produced by the MoM and PO simulations, ISpersive layers representng the typical layered character o

using a standard back-projection imaging technique. In additon Many soils; 2) a multilevel fast multipole algorithm (MLFMA)
to such comparisons with measurement, we consider additional [17] model for electrically large conducting targets above or em-

buried-UXO scattering scenarios to better understand the under- bedded within a lossy half-space; and 3) a physical optics (PO)
lying wave phenomenology. model [18] for perfectly conducting UXO above or below a half
Index Terms—Buried object detection, ground-penetrating space. In addition to addressing this scattering problem numer-
radar, synthetic aperature radar, ultrawide-band (UWB) radar. ically, SAR images from UXO are presented for data collected
with the U.S. Army Research Laboratory BoomSAR, Adelphi,
MD [15], [19]. Comparisons are made between measured and

) o computed SAR images, the latter simulated via the MoM and
T HE electromagnetic (EM) characterization of surfacpo forward solvers. In addition to addressing the model accu-

and subsurface targets has been of interest to researchge§ through comparisons to measurements, we subsequently
for many years [1]-[11]. Recent development of wide-bangse the models to examine variation of the physical parameters
high-resolution synthetic aperture radar (SAR) technology hgsdetermine how such impact the SAR image.
shown that it may be possible to detect targets buried closerhe remainder of the text is organized as follows. In Sec-
to the ground surface over very large open areas [12]-[1ghn ||, we summarize the numerical models developed for sim-
in a high standoff mode. In general, there are two limiting|ating wide-band scattering from surface and subsurface UXO
factors influencing the practicality of using wide-band SAR fogng briefly describe the experimental SAR system employed in
wide-area target detection. First, the presence of strong groyRg measurements. A comparison between results from the three
clutter due to roughness, soil inhomogeneities, and foliageydels is presented in Section Iil. We also perform comparisons
may limit the radar’s ability to resolve the target from cluttelhetween computed and measured SAR imagery, followed by nu-
Likewise, target depth can also play a major role. For deepfyerical experiments to address the variation of the target signa-
buried targets, the incident wave may experience significagie as a function of variable physical parameters. The work is
attenuation as it penetrates the lossy soil. Consequently, Whileyymarized and conclusions drawn in Section IV.
wide-band SAR detection of targets close to the ground surface
is generally considered to be feasible, detection of targets|| THeoRETICAL MODELS AND MEASUREMENT SYSTEM
buried more than 1 m may be possible only in low-loss soils
and/or for large targets [16]. In this paper, our model assume&aMoM and MLFMA Models
MoM [20], [21] and MLFMA [17], [22], [26] applied here

Manuscript received September 2, 1999; revised March 14, 2000. This wdive been discussed elsewhere. We, therefore, provide only a

was supported by the U.S. Department of Defense Strategic Environmental Remmary of the principal issues involved in such models. Our

. INTRODUCTION

search and Development Program (SERDP). MoM and MLFMA models both solve a combined-field inte-
A. Sullivan and R. Damarla are with the Army Research Laboratory, Adelphi | . CFEIE) [271. b lovi . | h basi

MD 20783 USA. gral equation ( ) [27], by employing triangular-patch basis
N. Geng is with the Institute for Microwaves and Electronics, University ofunctions [28]. The MoM analysis is applicable to arbitrarily

Karlsruhe, 76128 Karlsruhe, Germany. _ shaped perfectly conducting targets in an arbitrary layered
Y. Dong and L. Carin are with the Department of Electrical and Computer di hile the MLEMA i icted he half

Engineering, Duke University, Durham, NC 27708-0291 USA. medium, while the s IS restricte to_t e hali-space Case-
Publisher Item Identifier S 0018-926X(00)09375-3. For both problems a principal challenge involves computation

0018-926X/00$10.00 © 2000 IEEE



SULLIVAN et al: UWB SYNTHETIC APERTURE RADAR FOR DETECTION OF UNEXPLODED ORDNANCE

radarcross section (VV) [dBsm]

20
22
24
26 B
28 f
30
32
34
36
38
-40
42

RMEAESREN Y

S liunas naie

i piiiad inaES

1307

PR NN VRN AN TN M R N (NN NS SO M Y

0 1000 2000 3000
fre quency [MHz]

4000 5000

Fig. 1.

Photograph of a 155-mm shell.

of the dyadic Green’s function, each component of whidhg- 2. Backscattered radar cross section for a 155-mm shell buried 2.54 cm
. | S feld int Is. Th int | | bepeath the soil surface, with the lossy dispersive soil characterized by Yuma
Involves sommerie Integrals. €se Integrals are Solvg [15]. The excitation plane wave is incident°3om grazing, propagating

here via the method of complex images [29]. In the MOM o from the target axis [see Fig. 6(b)]. Results are computed from MoM,

computes anV x N matrix, for N expansion functions, with MLFMA, and PO. The incident field is vertically polarized and we consider

each matrix component involving a rigorous evaluation of the
dyadic Green’s function. In the MLFMA analysis, expansion
and testing functions are partitioned into a set of multileve
clusters, with the “far” (expansion function)—(testing function)
interactions treated efficiently within the MLFMA construct g

[17], [26]. For this portion of the model the dyadic half-space -
Green'’s function is evaluated approximately in terms of a se= -

of images inreal space [17], [22]. However, for basis and
testing functions that are sufficiently close (typically half a
wavelength or less) the interactions are treated rigorousl,
through application of the complex-image technique.

tio

B. PO Solution

While the MLFMA is more efficient than the MoM for large
N, both of these models are computationally expensive for elei
trically large targets. We have, therefore, also developed an a
proximate PO solution [18]—this significantly more efficient
numerically than the MoM and MLFMA models. As applied
here, the UXO is partitioned into a set of triangular sections

radar cross sec

(HH)

= -

the VV-polarized backscattered fields.
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analogous to the triangular-patch basis functions applied in the
MoM and MLFMA. The surface currents on all triangles in th&ig. 3. As in Fig. 2, but for HH-polarization excitation and reception.
lit region are approximated via the PO approximation, with the

currents on all unlit triangles set to zero. The far-zone Scatte@fjapproximately 1 km/h while the basket is elevated to 45 m
fields from these approximate currents are comput’ed throughy [15]. For typical collection geometries, down-look angles
a rigorous use of the asymptotic half-space Green's functiq.the target vary from 45to approximately 19 (from grazing),
Concerning the incident fields used to compute the PO Cu”erﬁépending on the range to the target and the height of the boom.

all reflection and transmission at the half-space interface is age getails of this fully polarimetric system are found in [14]
counted for rigorously (although multiple interactions betweeg, g [15], as is a discussion on SAR-image formation.
the target and soil interface are neglected).

C. Experimental System I1l. THEORETICAL AND MEASURED DATA

The U.S. Army Research Laboratory has developed an éx- Comparison of Theoretical Models
perimental time-domain SAR system, with instantaneous bandWe first consider a direct comparison between the three theo-
width covering 50-1200 MHz. In this system, four horn arretical models presented in Section Il. In particular, we consider
tennas are placed atop a telescoping boom lift capable of movihg 155-mm shell in Fig. 1 (155 mm maximum diameter). The
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most all frequencies. The computation time of the PO results
are infinitesimal (almost instantaneous) relative to MoM and
MLFMA. With regard to the MoM and MLFMA solutions, the
agreement between these models is almost exact, for all frequen-
cies for which both are considered. However, as indicated in
Fig. 4, the CPU and RAM requirements of the MoM are sub-
stantially higher than those of the MLFMA. In Fig. 4, for fre-
guencies greater than 2 GHz, the MoM CPU and RAM are ex-
trapolated from results at and below 2 GHz, assuming the ex-
1 pected ordeV? and V2 variation, respectively (the MoM ma-

| 107 trix equation was solved via a direct LU-decomposition, this of
order V3 complexity).

Close inspection of Figs. 2 and 3 reveals slight differences
10’ between the PO and MLFMA solutions, at frequencies above
< . o o 2 GHz. This may appear somewhat anomalous, for the PO ap-

10° 107 proximation is expected to become nearly exact at high frequen-
number of unknowns cies This latter expectation, however, is based on experience
from free-space scattering. For the half-space problem, the PO
Fig. 4. For the results in Fig. 2, a comparison between the central processujca
unit (CPU) and memory (RAM) of the MoM and MLEMA resuilts. The MoM SO1Ution does not account for multiple interactions between the
results above 2 GHz are extrapolated. target and the soil, regardless of the frequency. To this we at-
tribute the small differences between the PO and MLFMA so-
lutions at high frequencies. This shortcoming of the PO solu-
tion is examined further below, in the context of SAR images
for the buried UXO. In Figs. 2 and 3 we only consider a single
target-sensor orientation. In the SAR image we implicitly view
the target from multiple orientations, and the aspect-dependent
character of the signatures is also addressed more fully in Sec-
tion IV.
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frequency [MHz] B. Measured and Computed SAR Imagery

We compare the models to measurements by forming theoret-
ical SAR images. All SAR-image examples below, both theoret-
ical and experimental, are for VV polarization, approximately
30° incidence from grazing. In computing the time-domain scat-
el bl b b b b tered waveformsg (¢) from the kth aperture position, we ac-

- 6 8 10 12 14 16 18 20 . . . .

count for thek-dependent angle of incidence to a given image

pixel, assuming plane wave excitation, pure polarization proper-
Fig.5. Pulse shape and pulse spectrum (inset) for the time-domain plane-wi@$ and a fixed incident-pulse shape (see Fig. 5). The latter two
excitation used in the computed SAR images (Figs. 6 and 7). conditions are dictated by our incomplete knowledge of the an-

tenna properties over ultrawide-band (UWB) frequencies for, in
length of the shell is 0.58 m, representing nearly four free-spa@ality, the radiated pulse shape changes with variable target-an-
wavelengths at 2 GHz (tHmuriedtarget is of course even largertenna orientation, as does the polarization. On the other hand,
electrically). The length of the UXO is parallel to the air—-grounthe plane wave incidence approximation is typically appropriate
interface, and the top of the UXO is 2.54 cm beneath the intdor the SAR applications of interest since the distance between
face, the soil representative of Yuma soil with 5% water contetite sensor and targets is generally substantial. Finally, the wave-
[15]. In Figs. 2 and 3 we plot the backscattered RCS for verticilrms s (¢) used to form the theoretical images are weighted
(VV) and horizontal (HH) polarization, respectively, for inci-as a function of aperture position, to approximately reflect the
dence 30 from grazing, directed 4#5azimuthally to the target properties of the antenna pattern (see [15]).
broadside [see Fig. 6(b)]. In these results we plot data up to 5The need to compute time-domain scattered waveforms at
GHz, with the MLFMA and PO results plotted for all frequena large number of target-sensor orientations, for formation
cies and the MoM results plotted only up to 2 GHz. The CPbf a theoretical SAR image, places a significant burden on
and RAM requirements of the MoM are prohibitive when théhe computational requirements of the scattering model. In
target becomes electrically large, as it does above 2 GHz (geticular, the time-domain computations for eaglit) used
Fig. 4). Hence, the MLFMA is used to examine the accuracy of the SAR image required 80 frequency calculations (25-MHz
PO when the target electrical size becomes large, correspondimgements) over the 50-1200 MHz bandwidth of the experi-
to where the PO is expected to perform well. mental SAR system (from Fig. 5 we note that, while the usable

The PO solution is in good agreement with the much mo®AR bandwidth is 50-1200 MHz, calculations are required up
computationally expensive MoM and MLFMA solutions, for alto 2 GHz to cover the full bandwidth of the incident pulse).

normalized incident pulse p(t)

ES
[§)
<
8]
IS

time [nsec]



SULLIVAN et al: UWB SYNTHETIC APERTURE RADAR FOR DETECTION OF UNEXPLODED ORDNANCE 1309

MEASUREMENT Ivlidy]
4 el G U e D die G LD BE AR SO0 L A LT S Gm L oaa ey L

L [ ay |
Kpross-mngelim]
@)
MEASUREMENT Bdahd
[ B S . O -
Lo TR 188 UM Doh e OUW 0 B AT A EST AN AR AKD BB ROR GBE G Bl LM

JE

s a [T
Adpross-rangalin]

(b)

Fig. 6. Comparison of computed and measured SAR images for the 155-mm shell (Fig. 1) flush-buried in 5% Yuma soil [15]. The computations use pulsed
plane-wave excitation at 3Grom grazing, characterized by the pulse in Fig. 5. The measured and computed images use an aperture length that \aelgle a 60
between the target center and aperture. (a) Shell axis parallel to linear SAR aperture. (b) Shefl &xim4iiear SAR aperture.

Moreover, for computations of the SAR image, we employe8AR images presented below, we employ MoM and PO as
an azimuthal sampling rate o 1We view the target from the numerical forward solvers. If the MoM matrix equation
different azimuthal positions, as we traverse the linear SAR inverted via a direct LU-decomposition then, at a given
aperture and here we have precomputed time-domain scattédredquency, multiple incident fields can be considered with
waveforms at a 1 azimuthal sampling rate. Over the lineatittle additional computational burden. By contrast, with the
SAR aperture we must, in principle, also consider variation MLFMA the matrix equation is solved iteratively via the con-
the incident anglé, although for the aperture sizes considerejdigate-gradient method [30]. In such iterative solvers, multiple
this variation is negligible. Note that for rotationally symmetriéncident fields must generally be computed separately, vitiating
land mines [12]-[14], [21], the target signature is independetiite use of MLFMA for theoretical SAR-image formation. We
of the azimuthal orientation, substantially reducing the numbsghould note, however, that the MoM matrix multiplication
of scattering computations required to form the image [15k an orderN? operation and for the image formation this
The UXO half-space composite generally does not possesast be done for all backscatter angles of interest (usually a
such symmetry. Consequently, in forming all the theoreticilrge number). Therefore, overall, for the imaging problem
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Fig. 7. Comparison of computed SAR images for the 155-mm shell (Fig. 1) buried 2.54 cm in soil characterized byando = 0.003 S/m, with the target

axis parallel to the air—soil interface. The computations use pulsed plane-wave excitatiérfran3@razing, characterized by the pulse in Fig. 5.The images use

an aperture length that yields a®6@ngle between the target center and aperture. The images are produced by scattered fields from MoM and PO forward solvers.
(a) Incidence normal to the target axis. (b) Incidence #6m target axis.

of interest, MoM and MLFMA have similar computationalface (flush buried). The gridded model of the target, used in the
burden wherN is large. In this context, the principal benefinumerical computations, is shown in Fig. 6.
of MLFMA vis-4-visthe MoM is in the area of RAM; the In Fig. 6(a) we consider the shell-oriented parallel to the
finite memory of a given computer limits the maximum targdinear SAR aperture, while in Fig. 6(b) the ordnance is oriented
electrical size that can be considered, the MLFMA allowingt 45. For both images the total angle spanned by the linear
consideration of significantly larger targets than the MoM (chperture relative to the target center is®6@he agreement
Fig. 4). between the model and measured SAR image is reasonable, es-
The measured data is presented for the 155-mm shell shapatially considering the complexity of the experimental system
in Fig. 1, for a test site at Yuma Proving Ground in Yuma, AZand the uncertainty in the angle-dependent incident-wave
The Yuma soil was characterized by approximately 5% watpolarization and pulse shape. As might be expected, when the
content, with the associated electrical properties describedtamget broadside is parallel to the linear aperture, the image is
[15]. All measured results are for the UXO buried just under theharacterized primarily by a single strong return. Moreover,
air—ground interface, with the target axis parallel to the intewhen tilted at 48 the scattered return is characterized by two
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Fig. 7. (Continued) Comparison of computed SAR images for the 155-mm shell (Fig. 1) buried 2.54 cm in soil characterized byando = 0.003 S/m, with

the target axis parallel to the air—soil interface. The computations use pulsed plane-wave excitatiomah3fazing, characterized by the pulse in Fig. 5.The
images use an aperture length that yields & &dgle between the target center and aperture. The images are produced by scattered fields from MoM and PO
forward solvers. (c) Incidence parallel to target axis.

diagonally offset returns, characteristic of diffraction frontributed primarily to subsurface soil inhomogeneities. It is very
the target front and back. Note that, in the model results difficult to include such effects in a model for comparison to
Fig. 6(b), one can almost distinguish the two (diagonalljneasured scattering data since the subsurface soil characteris-
offset) scattering mechanisms, while in the measured respotiss are often altered upon excavation (if due to localized soil
these appear to merge into a single diagonal response. Tgisture, for example). Clutter induced by subsurface inho-
may be due to an over estimation in the model of the SARMmogeneities must be handled statistically, employing an appro-
cross-range resolution. Moreover, random motion of the sengoiate statistical model for the subsurface soil properties.

(for example, due to wind) also undermines the resolution of Based on the accuracy of the PO results in Figs. 2 and 3, we
the measured image. next perform a comparison between a SAR image computed via
While the principal features of the measured and compute® with one computed via MoM, with both corresponding to the
imagery (Fig. 6) are similar, there is a slight difference in th&55-mm shell buried 2.54 cm under the Yuma-soil surface (5%
color scale of the images. This scaling difference is due to theter content [15]), as in Figs. 2 and 3. We see in Fig. 7 that the
fact that the experimental system is not calibrated, this consigreement between the PO and MoM images is consistent with
tuting a very challenging task for the UWB system under cothe comparisons in Figs. 2 and 3. We note, however, that there
sideration. Addressing this point further, to do system calibrare noticeable small differences between the MoM and PO solu-

tion, one requires knowledge of the theoretical response frdions. In particular, consider in Fig. 7(a) alinear cut in the image,
fiducial targets to which the radar will be calibrated. Accurataunning parallel to the vertical axis, through the image center
models for the large fiducial targets of interest [20] is a nor{through the zero cross-range position). Increasing down-range
trivial issue, it constituting a separate application of the MoMorresponds to further distance between the target and sensor,
and MLFMA models. and therefore increasing downrange in the image can also be
While the theoretical SAR images in Fig. 6 capture most eiewed as increasing time (reflections viewed at the sensor at
the features in their measured counterparts, we notice sevéaitdr times are represented in the image as being further from the
features in the measured images that are not seen in the ceensor). Note that with increasing time (increasing downrange
puted data, this particularly true in Fig. 6(b). Fig. 6(b) is morposition), the MoM is characterized in Fig. 7(a) by a sequence of
sensitive to clutter because the target signature is driven by rataree bumps, followed by a faint fourth return. By contrast, the
tively weak edge diffraction, as compared to the specular refld© solution in Fig. 7(a), along the same cut, does not have this
tion characteristic of Fig. 6(a). The image features not model&xrth faint return. This is explained as follows. The PO solution
by the theory are attributed to clutter, this, as discussed in Sedly includes the direct reflected waveform, with no multiple
tion |, constituting one of the principal challenges to SAR-baséateraction between the buried target and the air—soil interface.
UXO detection (and why, as discussed further below, SAR By contrast, the rigorous MoM solutions should capture all phe-
best for UXO near the soil interface). The measurements weremena, assuming sufficient numerical accuracy (e.g., enough
taken in a relatively benign environment, with minimal foliagéasis functions). Consequently, the small differences between
cover on the flat terrain. Consequently, the clutter in Fig. 6 is ahe PO and MoM solution in Fig. 7(a) are attributed to mul-
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tiple interaction between the target and the interface. Simile %3

small differences are witnessed in Fig. 7(b) and (c). Neverthe
less, these multiple interactions appear to constitute a small €, 0.04
fect for this target. Such multiple interactions between the targe%

and interface may also explain the small differences between tI< 0.03
PO and rigorous solutions (MoM and MLFMA) seen in Figs. 2%

and 3. Before leaving Fig. 7, itis important to emphasize that th ¢
PO solution captures most of the important shapes in the SA £

image, relative to MoM. However, there is a noticeable differ- &
ence in the amplitude of the PO solution, compared to MoM & oot
We attribute this to the fact that the PO images use the PO fo'g
ward solver at all frequencies, this being particularly inaccurat ‘g

atthe low frequencies of the incident pulse in Fig. 5, where ther E

phi=0 (broad side)
——————_ - phi=45 (off-axis)
— — — — phi=90 (axial)

Illlllllllllllllllllllll

0

is considerable energy. 2001
C. Phenomenological Studies 0.02 o . ‘ oy
The principal goal of developing theoretical scattering -5 ) 5 10
models for surface and subsurface UXO is to gain a bette. time [nsec]
understanding of the underlying wave phenomenology. We @

consider such phenomenological investigations below. Desp™  0.04
the fact that the PO model results in Sections I1V-A-B looke
promising, when performing phenomenological studies it i
best to use a rigorous model, to be assured unexpected pE
nomena are witnessed, if present. Therefore, in the examp &
below, all data are computed via MoM and MLFMA. E 0.02

The SAR imagery presented in the previous section indicat &
that the measured and computed SAR image for the target ¢ 3
soil consideredis afunction of the target orientation relative to tf §_ '
linearsyntheticaperture. Thisisaveryimportantphenomenon,i 4
itissuch aspect-dependentUXO scatteringthatwillhelpdiscrinm 0
inate targets from clutter. To address this issue more complete E
in Fig. 8 we plot the time-domain signature of the UXO targe g-o.m
due to a pulsed plane wave of excitation in Fig. 5. The target is 5
155-mm shell buried asin Fig. 7 and here we plotthe time-doma =
backscattered waveform as a function of target-sensor orien  -0-02
tion. In particular, in Fig. 8, we plot the VV and HH time-domain
scattered fields, for: 1) incidence normal to the target broad sic
2) at 45 relative to broad side; and 3) along the target axis. The
waveformsin1)-3)arerelatedtoFig. 7(a)—(c), respectively. These (b)
datawere computedviathe MoMmodeldiscussedin Sectionll-Bg. 8. Time-domain backscattered waveforms due to pulsed plane wave
As expected, the time-domain signature is a strong function gfiation at 30 from grazing, with an incident pulse as in Fig. 5. The 155-mm

. . . . shell (Fig. 1) is buried 2.54 cm in 5% Yuma soil [15], with its axis parallel
orientation. The far-zone time-domain scattered waveformsine air—soil interface. Considered are plane wave incidence normal to the
Fig. 8 are normalized by the distancdetween the target andtarget axis, 45 from the target axis, and parallel to the target axis. (a) VV
observerand, therefore, the fields have units meters (analogou¥t@yization. (b) HH polarization.
square metersforRCS).

As expected, the broadside scattered wavefafra= 0°) in  neously. Considering the other two incident andl¢s= 45°
Fig. 8 is significantly stronger than the other two angles, higland ¢ = 90°), the scattered waveforms are characterized at
lighting the distinction between primarily speculgf = 0°) early times by two consecutive scattered waveforms with, as ex-
and edge-diffractiorip = 45° and¢ = 90°) scattering. Con- pected, the duration between these waveforms larger for the case
sidering first the case¢ = 0°, we note the large specular returrof ¢ = 90° than for¢p = 45°.
is followed by a considerably smaller second pulse (althoughNote that thep) = 0° case is relevant for Fig. 6(a), for which
that second pulse is nearly as large in amplitude as the scattetetllinear aperture yields scattering primarily from the target
fields at¢p = 45° and¢ = 90°). The second waveform for broadside. The fact that thie = 0° signature is characterized
¢ = 0° is attributed to interaction between the target and th@incipally by a single strong response explains the fact that
air—ground interface since it is not seen for the PO results [d€ig. 6(a) is also represented by a single strong return (in the
Fig. 7(a)]- The bandwidth is not sufficiently large to distinguisimage domain). Similarly, the two diffracted components for the
the specular return from diffraction from the two ends of th¢ = 45° case in Fig. 8 give rise to the two diffracted compo-
UXO, these two scattering mechanisms arriving nearly simultaents characteristic of the image in Fig. 6(b), these apparently

0.03

phi=0 (broad side)
————e—e — phi=45 (off-axis)
— — — = phi=90 (axial)
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0.008 the MLFMA. In Fig. 9, we present results for 3ihcidence rel-
ative to grazing, oriented &5elative to the target axis [as in
0.006 depth=2.54 cm Fig. 7(b)]. As expected, there is a significant reduction in the
- gepﬁffg(f“‘ scattered-field amplitude with target depth. This phenomenon
0.004 epth=100 cm A ) ; -
\ indicates that SAR-based sensing of UXO is of most utility for
0.002 " \ A targets near the air—ground interface.

IV. CONCLUSION

-0.002 This paper has considered UWB scattering from UXO buried

v in lossy dispersive soil. Three scattering models were consid-
ered, and the numerical test considered here demonstrated that
the MLFMA results are in close agreement with MoM for the
buried UXO considered. Moreover, the agreement of the PO
with the MoM/MLFMA solutions has been good, viewed both
NN B P TSI R in the backscatter domain as well as in the SAR-image domain.
0 3 10 15 20 In addition to these theoretical investigations, we have per-
time [nsec] formed SAR measurements via an experimental UWB sensor
@ [15]. The agreement between theoretical and computed SAR
0.006 images was good, despite uncertainty in the aspect-dependent
radiated polarization and pulse shape. However, the clutter
depth=2.54 cm proved to be a significant issue, despite the fact that the UXO
— — —~ depth=50 cm considered were shallow buried. The clutter was particularly
T = depth=100 cm problematic when the target orientation relative to the linear
SAR aperture was such that no specular return was excited. In
this case, the scattered fields are generated primarily by edge
diffraction, the associated small scattered fields approaching
the clutter level. We also demonstrated theoretically that this
issue is exacerbated as the target depth increases. These theo-
retical and measured results indicate that SAR-based detection
is most viable for detection of former bombimgnges rather
than for each individual (possibly deeply buried) UXO. This is
motivated by the fact that most former ranges are littered by
much surface and shallow-buried UXO. Once a former range
is detected, alternative technology can be employed to attempt
— b detection of each individual UXO [31].
time [nsec] The results presented here also indicate directions for future
®) work. A principal concern in this context is gaining a better un-
derstanding of the mitigating clutter sources. For the UXO, the
Fig. 9. Time-domain backscattered waveforms due to pulsed plane waetget shapes are generally well known (although the target is
excitation 30 from grazing, with an incident pulse as in Fig. 5. Three burial .
depths are considered for the 155-mm shell (Fig. 1): 2.54 cm, 50 cm, aﬂgen deformed, due to |mpact) and, therefore, can be modeled.
100 cm, with the target axis parallel to the air-soil interface (5% Yuma sollhe clutter, on the other hand, is poorly understood. For ex-
[18]). The incident plane wave propagates’ 46om the target axis. (a) VV' ample, the measured results presented here considered flat and
polarization. (b) HH polarization. . . . .
weakly foliated terrain, but the SAR image still had clutter re-
turns on the order of thehallowUXO, for the nonspecular case.
merging in the measured image into a single diagonal resporiBee clutter source is conjectured to be subsurface soil inhomo-
Moreover, the energy in thé = 0° signature is significantly geneties (e.g., spatially varying water content). Future work re-
stronger than fop = 45°, this explaining why Fig. 6(b) is more quires a combination of soil science and EM modeling to ex-
contaminated by clutter than does Fig. 6(a). amine such issues in greater detail.

In our next set of results, we again consider the 155-mm shell
buried in 5% Yuma soil, but now we consider variable target
depth. In particular, for simplicity, again assume that the UXO
axis is parallel to the soil interface (the model is applicable to [1] R.W.P.KingandC. W. Harrison;’“The transmission of electromagnetic
arbitrary target orientation [17], [22], [23]). We consider three Xﬁé?slgagg_pmsesmto the eartd, Appl. Phys.vol. 39, pp. 4444-4452,
target depths, all measured from the top of the target to the in{2] J. A. Fuller and J. R. Wait, “Electromagnetic pulse transmission in
terface: 1) 2.54 cm as in Figs. 2 and 3; 2) 50 cm; and 3) 100 cm. homogeneous dispersive rockEEE Trans. Antennas Propagatcol.

. . . X e AP-20, pp. 530-533, July 1972.
We again consider time-domain plane-wave incidence, Charac[3] D. L. Moffat and R. J. Puskar, “A subsurface electromagnetic pulse
terized by the pulse in Fig. 5 and all results are computed via  radar,”Geophys.vol. 41, pp. 506-518, June 1976.
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