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Abstract—Ultra-wideband (UWB), short-pulse (SP) radar is ultra-wide bandwidths . Unfortunately, this Green’s function
investigated theoretically and experimentally for the detection cannot be expressed in closed form, although each com-
and identification of targets buried in and placed atop soil. The ponent of the dyadic can be represented as a Sommerfeld

calculations are performed using a rigorous, three-dimensional : . . .
(3-D) Method of Moments algorithm for perfectly conducting ntégral [15], [24]-[26]. Various numerical and asymptotic

bodies of revolution. Particular targets investigated theoretically algorithms have been developed for the efficient analysis of
include anti-personnel mines, anti-tank mines, and a 55-gallon the Sommerfeld integrals [15], [27]-[29], however none of
drum, for which we model the time-domain scattered fields and thege are sufficiently general and efficient to be useful for

the buried-target late-time resonant frequencies. With regard to s
the latter, the computed resonant frequencies are utilized to assessUWB applications. Recently, Chovet al. [30]-{32] have

the feasibility of resonance-based buried-target identification for refined the method of complex images to efficiently compute
this class of targets. The measurements are performed using athe half-space Green'’s function, making possible the efficient
novel UWB, SP synthetic aperture radar (SAR) implemented ona and accurate computation of UWB-SP scattering from gen-
mobile boom. Experimental and theoretical results are compared. eral buried targets [16], [17] (and the complex resonances
thereof [18]). Previously we have concentrated on the algo-

|. INTRODUCTION rithm’s mathematical derivation and numerical implementation

HE INSIDIOUS nature of mines has stimulated Signif[16]—[18], while here we investigate the UWB-SP resonances
T icant research—spanning over more than half a cefnd scattered fields from realistic targets; in particular, we

tury—on techniques for buried-mine detection and identiffonsider conducting anti-personnel mines, anti-tank mines, and

cation. A significant tool for such is ground penetrating rad& ©>-gallon drum. .
[1]-[18]. The frequencies used in GPR are chosen such thaf-oncerning target resonances, Baum [33] introduced the
good ground penetration can be achieved, which necessitaigularity expansion method (SEM) to demonstrate that the
relatively low operating frequenciesc{ GHz) for the losses !ate-time transient fl_elds scattered from a target can be ex-
common in typical soils [19]-[21]. Further, the bandwidttPressed compactly in terms of the target's resonant modes.
must be as large as possible to achieve sufficient tempdratther, the complex resonant frequencies represent unique
(spatial) resolution. With these motivations, ultra-widebar@iScriminants that can be exploited in the context of time-
(UWB), short-pulse (SP) systems have received significa#@main ATR. Over the last two decades, researchers have been
interest recently [22], [23]. Many of these systems operate Rirsuing SEM-based ATR, through the use of such schemes as
the time domain and have an instantaneous frequency spectfii@ny 's method [34] and the matrix-pencil method [35], [36].
of approximately 0.1-1.0 GHz5(100% bandwidth). Such techniques have also been pursued for GPR, with several
We have developed new three-dimensional (3-D) numeridgipressive results reported [5]. However, one would expect
algorithms for the modeling of UWB-SP scattering from reakhat resonance-based identification of buried targets will be
istic targets placed atop and buried in lossy, dispersive soNery difficult for low-Q targets and/or targets buried in high-
Our Method of Moments (MoM) algorithm is implementedoss soils. We address this issue by theoretically investigating
in the frequency domain, thereby allowing the modeling dhe late-time resonant frequencies of a realistic buried mine.
dispersive soils [15]-[18]. Although the targets must be bodiesWhere appropriate, we compare our theoretical calculations
of revolution, most practical targets of interest (buried minegjith measurements performed using a novel UWB-SP syn-
canisters, etc.) can be modeled. Our current code [16]-[18Etic aperture radar (SAR) which is implemented by placing a
assumes that the target is perfectly conducting, and the soibipolar radar on a mobile boom. The fundamental properties of
modeled as a lossy, dispersive half space. the SAR are described in [37]. The system measures VV, HH,
To use the MoM, one requires the accurate and efficiedt/, and VH polarizations and operates in the time domain
computation of the half-space dyadic Green’s function oveyith an instantaneous bandwidth of approximately 0.1-1.5
" ot received Aoril 29 1996: revised October 15. 1996 GHz, and has an approximate peak radiated power of 150
S.ar\l;ljtsecb”s‘lj(iyre;ﬁgleL. (?;Irin ére Wiihret\;:zeDepca?trr?(;nt (‘)f Eleétrical an!fw' We have recently used this system to perform l_JWB'SP
Computer Engineering, Duke University, Durham, NC 27708-0291 USA (SAR measurements at the Yuma Proving Grounds in Yuma,

mail: Icarin@ee.duke.edu). _ AZ. All our calculations are performed using soil parameters
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AMSRL-SE-RU, Adelphi, MD 20783 USA. easured from typical Yuma soil, and some of our theoretica
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0196-2892/97$10.001 1997 IEEE



VITEBSKIY et al.: ULTRA-WIDEBAND, SHORT-PULSE GROUND-PENETRATING RADAR 763

the target surface, evaluated for the discrete Fourier component

A under consideration [17], [18], [38]. The time-domain scattered
VA . . . . .

fields are synthesized by weighting the frequency-domain
scattered fields by the spectrum of the desired incident pulse
shape, which is converted to the time domain via Fourier
transform. On the other hand, the target resonant frequencies
corresponding to a particular azimuthal Fourier component
are solved for by setting the driving function (incident field)
equal to zero, which yields a homogeneous matrix equation for
the modal currents, with nontrivial solutions at the complex
frequencies for which the matrix determinant vanishes; thus,
by setting the determinant of the matrix to zero, one can solve
for the complex resonant frequencies, from which the modal
currents can then be computed [18].

The above procedures for computing the scattered fields
and complex resonant frequencies of bodies of revolution
have been investigated extensively for targets in free space
[38]. Our present problem is more complicated because the
half-space dyadic Green’s function must be expressed in the
Fig. 1. Schematic of short-pulse plane-wave scattering from a buried pf&rm of highly oscillatory, slowly convergent Sommerfeld
fectly conducting body of revolution. integrals [16]-[18]. Recently Chow [30]-[32] has developed

the method of complex images, which represents the spectral-

The remainder of the text is organized as follows. In Secti(ﬂ?main reflection coeﬁicignt in terms of a sum O,f exponentials,
Il a brief summary of our numerical algorithm is presented/ith parameters found via Prony [34] or matrix-pencil [35],
followed in Section Il by calculated results for the scatterel®] fitting to the exact spectral reflection coefficient. The
fields and resonances of anti-personnel and anti-tank minggp;equent Sommerfeld mtegra]s for each term n the expo-
as well as buried canisters. In Section IV we describe tgfem'_al sum can be e\{al_uated in closed form via the Weyl
properties of our UWB-SP SAR, and compare measur nt!ty [3_’9]. The _restnctlon on such a scheme |s_that the
data with the results of some of our computations. Finall;a,OR $ axis of rotation must be perpendicular to th? air-ground
conclusions are addressed in Section V. interface so that the (half space)-target composite preserves
BOR symmetry (see Fig. 1). While this may be a significant
restriction for some applications, for military problems (e.g.,
Il. SUMMARY OF NUMERICAL ALGORITHM mines) such a target orientation is often found in practice.
A general perfectly conducting body of revolution (BOR)
buried in a lossy, dispersive half space is schematized in
Fig. 1. In our algorithm, the target can be placed in (as in lll. SHORT-PULSE SCATTERING FROM
Fig. 1) or above the model soil. The latter case is important THREEDIMENSIONAL TARGETS
for military applications, since anti-personnel mines are often We consider below the short-pulse scattered fields and
placed on the earth’s surface. By restricting ourselves to bod@snplex resonances of anti-personnel mines, anti-tank mines,
of revolution, the azimuthal variation of the unknown currentand 55-gallon drums placed atop or buried within soil. Such
on the surface of the target can be expanded in termstbit some of our calculations can be compared with mea-
a discrete Fourier basis [17], [18], [38], with subsectionaurements, the electrical parameters of the soil used in our
basis functions used to model variation along the generatimgpdel were measured from soil samples taken from Yuma, AZ,
arc. In the MoM analysis, testing functions [17], [18], [38where experiments were performed using an UWB-SP SAR.
with properties similar to the basis functions are used fhe frequency-dependent (dispersive) soil parameters were
enforce the boundary condition of vanishing tangential electmceasured with a network analyzer, and consisted of measuring
field on the target surface, which decouples the probletime reflection coefficient from an open-circuit coaxial probe.
into an infinite number of matrix equations for the unknowiMeasurements were performed as a function of water content,
currents—one equation for each azimuthal Fourier componelny. percentage weight, and are shown in Fig. 2 for the soil
Only a finite number of Fourier components are necessarysample used in all subsequent scattering and resonance calcu-
achieve convergence, and therefore a relatively small numitetions, with results plotted in the form of complex relative
of equations are obtained for the two-dimensional currerpermittivity ¢, = €. — je!..
along the generating arc (the third dimension is accountedThere are several inherent difficulties in performing material
for subsequently by summing the various Fourier harmoniogeasurements of the type reported in Fig. 2. In particular,
[17], [18], [38]). For the scattering problem, inhomogeneousie measured complex dielectric constant is a function of the
matrix equations are derived for each Fourier componeptessure with which the open-circuit coaxial probe is pressed
the driving function of each represented by the azimuthaainst the soil; in our measurements the probe pressure was
Fourier transform of the incident tangential electric field oincreased until the measured complex permittivity stabilized,

Region 1
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Frequency (MHz) Fig. 3. Time-domain waveform, and its spectrum, used to describe the

(b) shape of the pulsed plane wave considered in subsequent computations. (a)
time-domain signal and (b) spectrum.
Fig. 2. Frequency-dependent complex permittivity= €’. — je!’ measured
from a soil sample taken from Yuma, AZ. Results are plotted as a function

of water content, by weight. (a. (b) €. for which its top surface is buried 30.48 cm from the air-

ground interface. The time-domain shape of the incident pulsed
and the measurements were repeated five times and averd@ge wave is shown in Fig. 3, along with its Fourier spectrum.
to produce the data in Fig. 2. However, the applied pressuyBis waveform is consistent with many current pulsed sources
may influence the local percentage of water content in ti@2], [23], and the low frequencies in the spectruri1(0
vicinity of the probe, affecting the measured permittivity. In af®Hz) provide significant ground penetration. In many SAR
subsequent scattering and resonances calculations, the cupidications, the incident waveform is near grazing, so we
corresponding to 5% water were utilized, in attempt to beonsider an incidence angle of 2@ith respect to the ground,
consistent with what is typically found in the soils of Yumafor both VV and HH polarization (the cross-polarized scattered
AZ. fields for bodies of revolution is zero).

The relative power transmitted into the ground for vertically
and horizontally polarized plane waves incident af 26
shown in Fig. 4. For comparison, in Fig. 4 we also plot

First, we consider the UWB-SP fields scattered from the relative transmitted power for a plane wave incident
buried perfectly conducting 55-gallon drum with axis orientedt the approximate Brewster angle at the center frequency
perpendicular to the air-ground interface. The diameter of tlgz = 28.25). Note that the Brewster angle is frequency
drum is 60 cm, its length is 90 cm, and we consider a cadependent, so Brewster-angle excitation is not possible for all

A. Buried 55-Gallon Drum
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ool w angle of incidence, the refracted wave travels at an angle of

O i s approximately 30 relative to the cylinder axis. If the incident
wave were to propagate along the axis, no creeping wave is
Brewster angle
0,=20°
Z H

excited at all; therefore we speculate that the creeping wave
will be weakly excited for this example in which the incident
wave travelsalmost along the cylinder axis. Interestingly,
the multiple edge diffraction, “F,” is very similar for both
polarizations.

o

H

®
=]

HH

B. Buried Anti-Tank Mine

; There are various anti-personnel and anti-tank mines: some
‘ are metal and others dielectric. Their shapes vary widely. In
. . 1 1 ! many cases, mines are conducting and disc-like in shape. As

o 250 5°"’:requency Z;"Hz) 1000 1250 examples, we consider two metal mine-like prototypes which
simulate a class of anti-personnel and anti-tank mines. Both

Fig. 4. Relative power transmitted into a lossy halfspace, as a function mfines are modeled as perfectly conducting cylinders with axis
e e e e e, e 1 2 0 eavatet 1, otation perpendicula to the air-ground infeface; the ant:
water content. personnel mine has a 6.35-cm diameter and 5.08-cm height,
while the respective anti-tank mine dimensions are 38.1 cm

and 6.35 cm. We first consider short-pulse scattering from the

frequencies in the incident pulse; moreover, for the case g tank mine, which is usually buried at shallow depths. The
lossy materials, no real Brewster angle exists at any frequengyiqent pulsed plane wave is the same as in Fig. 3. However,

Fig_. 4 shqws that 'the two-way transmission loss for® 2Q, 4 consider incidence at the Brewster andlg (= 28.25),
incidence is approximately 0.1 dB at the central frequency fQfit soil transmission properties described in Fig. 4.

VV polarization, and 2.4 dB for HH polarization. Further, from Rreasuits are shown in Fig. 7 for the VV and HH transient
the 5%-water curve in Fig. 2, at the center frequency, therefigigs scattered from the anti-tank mine buried at depths of
approximately 4.35 dB of loss associated with propagationgg ¢m, 7.62 cm, 12.7 cm, and 17.8 cm (1, 3, 5, and 7 in,
from the air-ground interface to and from the center of thggpectively) from the top of the target. The most striking
drum. Our time-domain results simultaneously account for 10gfaracteristic of these results is the similarity between the VV
due to interface effects, propagation loss through the soil, agdy HH fields. Apparently the incident pulse does not have
scattering from the target, and therefore these effects cannokfigiicient temporal (spatial) resolution to resolve features on
considered separately; however, from the above discussiong target, so we do not see the distinctive signatures found
the pulse’s center frequency, the loss from interface and sqi-Fig. 5 for the much larger 55-gallon drum. Interestingly,
propagation effects combined is approximately 4.45 dB faiitially the peak scattered signal increases as the target depth
VV polarization and 6.75 dB for HH polarization. increases, in contrast with our anticipation. We attribute this
The normalized VV and HH time-domain backscattereghenomenon to reverberations between the top of the target
fields are shown in Fig. 5. Several wavefronts are identified Byd the air-ground interface that constructively interfere with
arrows explained in Fig. 6. Included in Fig. 6 are diffractiongavefronts scattered from the target. As expected, as the target
from the the top front edge (A), diffraction from the top baclgepth is further increased, the peak scattered waveform starts
edge (B), a reverberation between the front edge and tfaediminish (the reverberated waveform is attenuated and the
air-ground interface (C), creeping-wave circumnavigation @mporal overlap of the primary and reverberated wavefronts
the cylinder (D), diffraction from the bottom front edge (E)diminishes).
and multiple diffraction between the top and bottom surface Fig. 7 does not show an obvious late-time resonant signature
of the drum (F). The VV and HH signals differ in severahssociated with the buried anti-tank mine. To explain, we plot
important ways. For example, for VV polarization both edg@ Fig. 8 the complex resonant frequencies of the lowest-order
diffractions “A” and “B” are strong, while for HH polarization SEM mode for the anti-tank mine considered in Fig. 7. For
wavefront “B” is substantially weaker than “A.” The reasorcomparison, the resonant frequency of the lowest-order mode
for these differences is unclear, due to the complexity @ also plotted for the same target situated in a homogeneous
this problem. For example, in reality there is no “front” omedium of the same electrical properties. Notice that the
“back” edge, but rather a single edge which encircles thesonant frequency changes as a function of target depth. In
entire top surface. Further comparing these results, we $dg. 9 are plotted the normalized modal currents associated
that phenomena “D” and “E” are excited strongly for VMwith the mode at each depth. There is a noticeable change
polarization while they are nearly absent for HH polarizatiofin the modal current shape as the target depth is adjusted,
Phenomena “D” and “E” occur too closely in time to bewith the currents concentrating under the target, nearer the
individually identified. Therefore, we cannot be sure as faigh-dielectric soil, as the mine depth decreases. This latter
whether this strong wavefront for VV polarization is due to @henomenon is consistent with the well-known concentration
creeping wave, edge diffraction, or both. However, for the 2®f fields in regions of relatively high dielectric constant.

Relative transmitted power (dB)
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Fig. 5. Normalized backscattered fields from a buried perfectly conducting cylinder of 60-cm diameter, 90-cm length, and top surface 30.48 cm from the
air-ground interface; the normalization parametés the distance from the surface of the halfspace (on the target axis) to the observer. The incident pulsed
plane wave has a temporal shape as in Fig. 3, &@gle of incidence, and the soil parameters are for the 5% case in Fig. 2. (a) VV and (b) HH.

The late-time resonant modes decay with timeas
exp(—w;t), for complex resonant frequenay. + jw;. After n
periods the resonant fields decay dxp(—2mnw; /w,.). Using
the computed resonant frequencies from Fig. 8, after only one
oscillation ¢ = 1), the resonant signatures corresponding to
depths of 2.54 cm, 7.62 cm, 12.7 cm, and 17.8 cm decay by
0.0038, 0.0042, 0.0041, and 0.0026, respectively. These results
explain the absence of a discernable resonant signature in
Fig. 7, and indicate the extreme difficulty of resonance-based
identification for buried targets of the type in Figs. 7-9.

-1

Fig. 6. Schematization of phenomenology characteristic of scattering fro
a buried cylinder, as considered in Fig. 5. Each scattering mechanism
summarized in the text.
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C. Anti-Personnel Mines

Typical anti-personnel mines are significantly smaller than
anti-tank mines. Additionally, in many cases such mines are
placed on the surface of the ground. Obviously, for such
situations no ground penetration is required, and we therefore
consider higher operating frequencies, such that enhanced
iQwn-range resolution can be achieved. In particular, we con-
sider the same waveform in Fig. 3, except its center frequency
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Fig. 7. Normalized fields backscattered from a model anti-tank mine buried at depths of 2.54 cm, 7.62 cm, 12.7 cm, and 17.8 cm from the top of the target.
The anti-tank mine is modeled as a perfectly conducting cylinder of diameter 38.1 cm and height 6.35 cm, with axis perpendicular to the air-gemend inte
The pulsed plane wave is incident at the Brewster-angle and incident-pulse shape, soil properties, and normalization are as in Fig. 5. (a) VV.and (b) HH

is moved to 3 GHz (for a total spectrum of approximatelgeveral internal resonances in our spectrum, which affect

1-10 GHz2). the scattered fields. This problem has been ameliorated by
We consider a pulsed plane wave incident at 2élative explicitly enforcing the condition of vanishing electric fields

to the air-ground interface, and the perfectly conducting antiside the perfectly conducting model mine [40].

personnel mine is placed atop the surface of the Yuma soil

(5% water content). The VV and HH polarized scattered fields IV. UWB-SP SAR MEASUREMENTS

are shown in Fig. 10, each characterized by two wavefronts.

The time interval between the two wavefronts in Fig. 18. UWB-SP BoomSAR

corresponds approximately to round-trip propagation over atpg Army Research Laboratory (ARL) has been pursuing
distance equal to the mine diameter, with account taken for the, ;se of UWB-SP SAR’s for a number of years to help un-
oblique angle of incidence. Finally, a major difference betwegfxrstand foliage penetrating and ground penetrating radar and
the VV and HH scattered waveforms involves the amplitude G@velop and qualify suitable wide-band models for predicting
the second wavefront; this issue is addressed further in Sectidformance of proposed systems. These radars provide 1 GHz
IV, in the context of measured data. of instantaneous bandwidth and the full polarization matrix to
On a numerical note, the electric-field integral equation wgccomplish this task. The current implementation, hereafter
use to solve the scattering problem is generally corrupted mferred to as the BoomSAR, is a mobile extension of the
artifacts at the internal resonances of a closed target [46figinal design that allows data collection over a wide range
such as that considered in Fig. 10. Due to the high-frequensf/clutter and target-in-clutter scenarios. The majority of the
nature of the incident fields considered in Fig. 10, there amardware is mounted to the basket of a telescoping boom lift



768 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 35, NO. 3, MAY 1997

T T T T [ T T T [ T T ™ T T T T T H
: 0.010 |- 4
225
[ . S
1 homogeneous material 1 & -0.000
200 |- 3
N | / w
T
= - A
\E‘-: | .
£ 751 3" -0.010 | E
B [ ] L L 5 L 1 L
- o 5" 665.5 666.0 666.5 667.0 667.5 668.0 668.5
B n Time (nsec)
150 | 7
! (@)
L 0.030 T T T T T T
125 |-
NS U | i L al P T N
0.020
125 150 175 200 225 250
Re(f), MHz

Fig. 8. Complex resonant frequencies of the lowest-order resonant mode t%r

the anti-tank mine considered in Fig. 7.
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on the surface of Yuma soil (see Fig. 2). The model anti-personnel mine is a
perfectly conducting cylinder of 6.35-cm diameter and 5.08-cm height, with
axis perpendicular to the air-ground interface. The angle of incidence’is 20
the incident pulse is as in Fig. 3 (with its center frequency shifted to 3 GHz),
and the time-domain fields are normalized as in Fig. 5. (a) VV and (b) HH.

transmit antennas, allowing fast polarization switching by
having the processor select which transmitter to enable. The
transmit waveform has a 150-ps risetime and approximately a

0.5
2-ns falltime with a peak power of approximately 2 MW. In the
=\ current configuration, the radar produces a burst of 128 pulses
0.0 bbbttt of one transmit polarization, followed by a burst of 128 pulses

0.00 005 0.0 015 020 025 030 035 040
Distance along generating arc (m)

of the opposite polarization, and both receive channels are
operated in parallel. There are four antennas: two transmit and

Fig. 9. Normalized modal currents, as a function of target depth, correspordt0 receive, to provide the full polarization matrix (HH, HV,

ing to the resonant modes in Fig. 8. The currents are normalized such t
they integrate to unity when integration is performed along the generating arc

of the body of revolution.

0ay, VV) in a quasimonostatic sense. The antennas are 200 W
open sided, resistively terminated, TEM horns about 2 m in
length with a 0.3-m aperture, and are fed by a wide-bandwidth

capable of moving at approximately 1 km/h while the baskéglun.

is elevated to 45 m. For typical collection geometries, down- With the exception of preamplifier/atienuator assembly,
look angles to the target vary from %% approximately 19, Which sets the gain and noise figure for the system, the

depending on the range to the target and the height of th& subsystem acts as the wideband receiver for the radar.
boom. The A/D subsystem consists of a pair of Tektronix/Analytek

The radar consists of several major modules. The transmit¥2005C, 2-GHz A/D converters, and a stable reference
is based on a gallium arsenide bulk avalanche semiconduattarck. A unique feature of these A/D converters is that they
switch (GaAs BASS). A pair of Power Spectra BASS 02Xprovide, to 10-ps resolution, the time difference between the
pseudo-exponential waveform impulse generators drive themple clock and trigger event. With the use of this data,
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(b)

Fig. 11. Synthetic aperture radar (SAR) image of three surface mines, as measured by an ultra-wideband BoomSAR. The details of the radar and how
the image was formed are described in the text. (a) VV and (b) HH.
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Fig. 12. Comparison between theoretical (solid) and BoomSAR (dashed) scattered fields from a surface anti-tank mine (shown inset). Resulfsrav&/shown
polarization and 20 angle of incidence; the shape of the incident pulse (inset) was measured and is characteristic of the waveform transmitted by the BoomSAR.

subsample time interpolation allows the processor to genertite center frequency of our BoomSAR is approximately 500
an interleaved record at an equivalent 64-GHz rate, much Msiz. For the target sizes to be comparable, we consider a
would be provided by a sampling oscilloscope. The actuphtch of (larger) anti-tank mines situated on the surface of the
high-frequency response of the radar is defined by the 110Qima soil.
MHz analog bandwidth of the A/D converters, while the low In Fig. 11 are shown BoomSAR measured images (magni-
frequency response is determined by the 60-MHz responsetude) of patches of anti-tank mines, for VV and HH polariza-
the antenna/balun assembly. tion and 20 angle of incidence. Interestingly, the signatures
As in conventional SAR, the BoomSAR is moved alongf the mines for VV polarization are characterized by two
a straight path, and for each position the scattered resposgeng signals, while each of the mines in the HH image
is measured. In its simplest embodiment, the bipolar image characterized by only one strong response. This disparity

amplituder,, ,, at pixel position(m,n) is given by in the VV and HH signatures motivated the calculations
K in Fig. 10. Considering the results in Fig. 10, we see that

L = Zsk(t = Thmn) (1) for VV polarization the model data is characterized by two

Py strong returns, while for the HH data the second wavefront is

substantially smaller than the first. We believe these theoretical
fEsults explain the measured contrasts in the VV and HH
imagery of Fig. 11.

where s, (t) represents the time-domain scattered field me
sured at thekth sensor position and, ,, » is the round-trip
time delay between sensor positibrand the physical position
in the image represented by pixén,n). In Section IV-
C we use the results of the bipolar image, while for otheZ. Comparison of Computed and Measured Data

applications unipolar (magnitude) SAR imagery is generatedry particular example considered here is for scattering
_by Hilbert transform_lng the blpola_r image [37]. The chuseﬂom the surface anti-tank mine schematized in Fig. 12. Re-
image has a resolution of 0.15 m in the range dimension, adgks are presented for VV polarization, and & 26cidence

0.3 m in the cross-range dimension. angle is considered, consistent with the data in Fig. 10. In
Fig. 12 is shown a comparison between the computed (solid)
B. Example Measured Results and measured (dashed) data. The measured data represents the

We have recently performed an extensive test of our Boommeherent superposition of several sensor positions. Therefore,
SAR at Yuma Proving Grounds in Yuma, AZ. We present hemne would anticipate that the imaging process will cause
some relevant results. In particular, we consider surface minesme blurring in the extracted signature. Further, in the theory
with geometries similar to that in Fig. 10. However, in thosee assume plane-wave incidence at a fixed angle and with
calculations, the center frequency was fixed at 3 GHz, whereagarticular incident-pulse shape; in practice, the incident
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wave can only be approximated as planar, and the angle
incidence and incident-pulse shape can only be determin
approximately. Nevertheless, we see in Fig. 12 that for V
polarization there is excellent agreement between theory and
experiment. No effort was made to optimize the agreemer{f]
between theory and experiment in Fig. 12; i.e., these results
are typical of what we have found for several examples.

(6]

V. CONCLUSIONS

A new Method of Moments (MoM) numerical algorithm has 7]
been utilized to examine the UWB-SP fields scattered from
and the resonances of several targets buried in and placg?l
atop soil. Results have been presented particularly for soil %
Yuma, AZ, with account taken for dispersion and loss. The
targets considered were a 55-gallon drum, an anti-tank min&)
and an anti-personnel mine. The theoretical results for an anti-
tank mine compared well with measurements performed wittp]
a BoomSAR.

Results have only been presented for a small subset of)
targets and one soil type (albeit a relatively favorable, low-
loss soil), but this study further substantiates the difficulty of
radar-based detection and identification of buried and surfagg,
targets. For example, concerning the resonances of the buried
anti-tank mine considered, the lo@-of such resonances,

. . . - [13]
coupled with the soil loss, conspired to produce late-time
resonant modes which decay extremely quickly with time,
making virtually impossible resonance-based identification el
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useful for particular dielectric targets buried in frozen soil [5](15]
This dichotomy points to the need for modeling—which will
yield a priori predictions of GPR performance—to assure thads)
the radar is implemented under appropriate circumstances. It
is highly unlikely that GPR will be an effective tool fall

soil and target types, but when utilized properly, it can be am)
effective option.

Fortunately, the need for accurate modeling intersects wi
recent algorithmic developments, which now make possible
the modeling of scattering from and the resonances of realistjc
(3-D) targets buried in lossy, dispersive soils. In this paperf,
we have been concerned with UWB-SP radar, which involves
incident signals with over 100% bandwidth. Up until very20l
recently, it was virtually impossible to model the scattering
of such waveforms from realistic buried targets, due to the1]
complexity of computing the half-space Green’s function
(needed for the MoM). However, the recent development gf
the method of complex images, which efficiently computes the
Sommerfeld integrals characteristic of the half-space dyad?@’]
Green’s function, has been utilized here for several realisfigy
and complicated targets of interest. Future studies will further
utilize this algorithm to quantify anticipated radar performanc@5
as a function of soil and target type. Additionally, the pre-
dicted waveforms from our model can also be utilized in thig6]
development of matched filters for target detection.
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