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Time-Domain Sensing of Targets Buried
Under a Rough Air—Ground Interface
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Abstract—We consider plane wave time-domain scattering [10]-[17] (e.g., mines, unexploded ordnance, etc.), while, as
from a fixed target in the presence of a rough (random) sur- glluded to above, this general problem has wide applicability.
face with application to ground penetrating radar. The time- For electromagnetic scattering from the ocean surface, a

domain scattering data are computed via a two-dimensional (2-D) . o . . )
finite-difference time-domain (FDTD) algorithm. In addition to stochastic surface parametrization is clearly required since

examining the statistics of the time-domain fields scattered from the sea-surface characteristics generally change with time
such a surface, we investigate subsurface target detection byin a seemingly random fashion. However, for the sensing
employing a (commonly used) matched-filter detector. The results of an underground target, the air—ground interface is fixed
of such a detector are characterized by their receiver operating (deterministic), calling into question the need for a statistical

characteristic (ROC), which quantifies the probability of detec- . . . .
tion and probability of false alarm. Such ROC studies allow analysis. However, although a given portion of the air—ground

us to investigate fundamental assumptions in the matched-filter interface is fixed, it will, in general, be different from that of
detector: that the target response is deterministic and the clutter another (fixed) region of the interface. Thus, while the fields
signal stochastic, with the two signals treated as additive and gcattered from any particular portion of the rough surface
independent. are deterministic, to characterize the fields scattered from
Index Terms—Buried object detection, time-domain analysis. such a general surface, the surface (roughness) parameters
must be characterized statistically and, therefore, so must the
associated scattered fields. Consequently, to characterize the
o fields scattered from such a rough air—ground interface, the
OVER the last few decades, significant research has begiace properties are modeled as a random process with any
undertaken on the scattering of electromagnetic and icyjar surface constituting one realization of an ensemble,
acoustic waves from rough (random) surfaces [1]-[9] Wit8ach of which is parametrized by tsameprobability density
the scattered-field properties parametrized statistically. Initig),ction. In turn, the scattered fields from such a surface are
work in this area was based on approximate formulationgc, treated as a random process.
while more recently, there has been a significant focus on thexg giscussed above, most previous analyses of scatter-
application of numerical algorithms. In most of these analytinHg from rough surfaces have been performed in the fre-

and numerical analyses, frequency-domain operation has b ﬁ@ncy domain. However, there has been significant interest

considered with results presented_ as the mean and VarianCFeBEntly in time-domain ground-penetrating radar (GPR) sys-
the angular-dependent scattered field. There has been very lile ¢ [10][19] motivating the work presented here on time-

work dorelon (t;me_—dom_aln ((j)pera_tlonl (alt_h;)ughzsome resuHamain scattering. The time-domain field scattered from a
Where calculate usfmg twpel-d omain agofnt ms [d]) or on .th(%ugh (random) surface constitutes a random process, which,
characterization of the field scattered from a deterministig general, is nonwhite. Therefore, for detecting a target in the

tar_ic_]re]zt in the presence I(')f a rou%h (rar?_dﬁm) interfalzeb . vicinity of such a rough surface, optimal detectors [20] (under
ere are many applications for which one would be 'ntegf[?]propriate conditions) are preceded by a whitening filter [20]
ested in detecting/identifying a target in the presence ofarougJCh that the clutter becomes a white (uncorrelated) time

surface. I_n el_ectrqm_agnetms, one may encounter the prOblggauence. The whitening filter employs the clutter’s correlation
of detecting/identifying a low-flying aircraft over ocean or

. i . .~ matrix, which for wide-sense stationary (WSS) clutter can be
a buried target under a rough air—ground interface. Simil Y ( )

bl b di fics. In thi represented in the Fourier domain in terms of the clutter’s
problems can be posed in acoustics. In tis paper, We Consigad, o spectral density (PSD). As discussed below, in the cases
the case of a deterministic (fixed) target in the presence of a .
: . . weé have examined thus far, the WSS model has been found to
rough surface, the latter being parametrized statistically. This . :
. . . ; . be quite accurate and, therefore, here we quantify the transient
study is motivated by electromagnetic sensing of buried targets o .
Clutter statistics via the PSD.

Although the statistical properties of time-domain scattering
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detection of a known target in noise/clutter. For the case of Region 1

GPR, such detectors are useful because there are generally Total fields Air-ground interface
a relatively small number of target types (e.g., mines) of
interest, the signatures of which can in principle be measured
or computed. In its simplest (and most common) manlfestatlon
such a matched filter assumes that the target S|gnature
deterministic and known exactly with the clutter/noise treated
as stochastic and additive. While such properties result in a
simple detector, in practice they are often not rigorously valid.
To test such a detector and its underlying assumptions, our
results are presented in the form of receiver operating charac-
teristic (ROC) curves, which describe how the probability of
false alarm varies with the probability of detection (as detalle(ae o2 Comecting surfa Computational
below, these probabilities are varied by adjusting the detectsgered tieis only Rsnee dommain
threshold). Using classical detection theory [28ieoretical

ROC curves are computed based on the clutter statistics.
Monte Carlo simulations are then performed for a target in gegion1 ) _ domain
the presence of a random surface to ganpirical’ detector Scattered fields A“"‘”"mdm'sf“ /
performance. Where the theoretical and empirical ROC curves \

Target

Computational

agree, we deem the underlying detector assumptions valid. Of
interest is the discrepancy in the theoretical and empirical ROC €n
curves as a function of target position, angle of incidence,
and surface statistics. Such studies are important for when the
simplifying assumptions are inappropriate, more sophisticated
detectors, which, for example, exploit the random character of
the target signature [20], may yield better performance than
the simple matched filter (at the price of greater complexity).
To perform the aforementioned study, many realizations of Regon2
the air—ground interface must be considered (each describedscattered fields =0
by the same probability density function) and, therefor%ig. 1. Schematic of (a) FDTD computational model and (b) the Huygens
the numerical scattering model must be versatile and highiytfaces used to calculate the far-zone scattered fields.
efficient. Consequently, all results are computed using a two-
dimensional (2-D) finite-difference time-domain (FDTD) alare presented fof'M, polarization(#, = 0) with similar
gorithm [21]-{23], which incorporates a lossy half spacgesults found (but not presented) for thé. (£, = 0) case
surface roughness, plane-wave incidence, a near-to-far-zg&&e Fig. 1). As described in [25] and [26], the plane wave
transformation, and a perfectly matched layer (PML) absorbifgcident field is modeled via the use of Huygens currents
boundary condition (ABC) [24]—{29]. Acquiring statistics fromplaced along a closed contour with total fields inside and
a three-dimensional (3-D) surface would require prohibitivecatiered fields outside. We refer to “the incident field” as
computational resources; however, it is felt that the basic issurg plane wave that impinges on the half-space plus the
studied here using a 2-D model are also relevant to the m@i&ids reflected and transmitted at the planar interface in the
realistic case of 3-D GPR systems. absence of any target or surface roughness. The scattered field

The remainder of the text is organized as follows. A brig§ produced by any perturbations to this half-space problem
discussion of the FDTD algorithm is given in Section Il withtarget and/or surface roughness).

careful attention directed on the near-to-far-zone transfor-At the boundaries of the computational domain, we use a
mation. The matched-filter detector and Whitening filter aeML [27] to absorb the Outward|y propagating scattered fields.
discussed in Section Ill, wherein basic underlying assumptiofihas been well established that the Berenger [27] PML yields
are summarized. Results are presented in Section IV for sgvreflection coefficient at the boundary of the computational
eral realizations of a target in the presence of a rough (randogimain that is orders of magnitude smaller than absorbing
air—ground interface, presented in the form of PSD’s for thgundary conditions derived from the one-way wave equation
clutter and ROC curves for the matched-filter detector. Thigo]. However, the PML introduced by Berenger in his original
work is summarized and conclusions are given in Section \é.aper cannot be app“ed direcﬂy to |055y media and, therefore
we use a PML formulation based on [28] and [29] appropriate
for lossy soils.

The far-zone scattered fields are the quantities of interest in
most radar problems. Therefore, we implement a near-to-far-
zone transformation in a manner similar to [26]. In particular,

All numerical scattered-field data are calculated via a 2-be perturbations (target and/or rough surface) are enclosed
FDTD code, utilizing the classic Yee algorithm [21]. Resultby Huygens surfaces and the equivalent currents thereon

air

Target Huygens surface

Il. NUMERICAL SCATTERING MODEL

A. Basic Numerical Algorithm
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(minus the incident field) are integrated with an analytipresented below, the spatial discretization was 12 samples per
approximation [31] to the half-space Green s function. Asavelength (in the soil), at the highest frequency of interest in
shown in Fig. 1, separate near-to-far-zone Huygens surfatles incident fields. Petropoulos [33], [34] has demonstrated
are used for the rough surface and the target (when presetitt the required sampling rate is predicated by both the
The fields are observed in backscatter for the near-grazing cdsdectric constanandthe length over which the FDTD fields
applicable to many airborne subsurface radars [18]. must propagate. We are confident in the FDTD and near-to-far-
Near-to-far-zone transformations have been used for margne results presented below, but it must be emphasized that
years to propagate FDTD computed near-zone fields into tiés confidence has been obtained after a rigorous examination
far zone. However, much of this work has been for free-spaoé numerical dispersion and its pitfalls.
scattering with far fewer results presented for the half-space
problem [26] considered here. Therefore, we elaborate 8n Rough-Surface Generation

several points germane to the half-space problem recognizetfi_-Or the GPR problem, clutter can be generated from mul-

in the course of this research. _Fwst, as dlsc_ussed above, dh sources, including surface roughness and/or subsurface
far-zone fleld_s are c_omput_ed via an app_rommate half'Spﬁﬁﬂomogeneities (e.g., rocks, roots, inhomogeneous soil, etc.).
Green's function de_nved via an asymp_totlc evaluation of i, g paper, we restrict ourselves to clutter generated by
exact So_mmerfeld-lntegral repr_ese_ntathn [31]._In all S_u‘ghrface roughness under the assumption that the subsurface
asymptotic analyses, one must first identify the highly OSC'”?S' characterized by a homogeneous lossy dielectric. Although
tory and relatively slowly varying portions of the integral. Th%ther or additional forms of clutter may occur in practice,
Sommerfeld integrals are evaluated approximately via saddﬂﬁére has been very little work done to date on wide-band
point integration in the vicinity of its stationary point(s) [31lime_domain scattering from rough surfaces or from targets
the latter determined by the phase of the highly oscillatogfyateq in such environments. Moreover, as discussed in
terms [31]. For evaluation of the scattered fields above the hadfz o V, the general insight from this problem may yield an
space far from the interface, one usually treats the exponentigls, .o ~iation for the physics inherent in more general clutter
characteristic of propagation in air as the highly oscillatory.onarios.

terms and the remaining exponentials that describe propagatiofye assume that the surface heigiit) at each transverse

in the dielectric half-space as slowly varying. However, if thg).ation + is a zero-mean Gaussian random variable with

currents in the dielectric are at electrically large depths, a mcﬁ@ightsf(x) and f(x + Az) related by the autocorrelation
accurate asymptotic representation of the Green s function may

be necessary. In particular, some of the aforementioned terms E[(f(2)f(x + Ax)] = h* exp(—Az?/1?) 1)
may no longer be deemed slowly varying in which case the

. - , . Whereh” is the variance! is the correlation length, an#(-)
must be included when determining the stationary point(s . . :
represents the expectation operator. In actual implementation,

[32]. This issue is particularly relevant for GPR application . ; . )
. . : . . e random process is generated in the Fourier domain [7]
in which the dielectric constant of the soil is often large an . . . . ,
. passing a Gaussian white-noise process through a filter
therefore, the target need not be too deep physically for t : : )
ith a spatial-frequency response corresponding to the desired

apove ISSues to be Of. concen (this is especially true for t}rlw\(lneugh-surface power spectrum [the Fourier transform of (1)].
wide-band signals of interest here).

A second issue involves numerical dispersion [33], [34}. ) )
. - fjelds using a standard, 2-D Yee FDTD algorithm [21]. In
As the time-domain fields propagate through the FDTD gr'dUCh a sc%eme the rough surface must gbe apponi]mated

there' is a inherent .(nonphysu':al) pulse distortion causeq |}'SJ a staircase fashion [2], [21] due to the Cartesian spatial
the difference-equation approximations to Maxwell s equatlogs o ; .
S . : iscretization. However, it has been demonstrated that if the
[33], [34]. This issue is exacerbated for electrically large . S . . .
. : . ; patial gridding is sufficiently fine, the scattered fields are
structures, of interest for the high-dielectric-constant half! . .
: . . AT . .In_very good agreement with those calculated via a more
space region. Numerical dispersion is mitigated by increasing - 7. . . .
; S . . -~ s@phisticated FDTD algorithm in which the surface roughness
the spatial sampling in the FDTD grid, but the physical size ¢ . :
S : : iS modeled using a contour-integral procedure [2].
the problem and finite computer memory ultimately dictate the
discretization limits. Therefore, to improve the accuracy of the
far-zone fields, we have found it useful to place the Huygens
surface as close as possible to the target to minimize the range i o
over which FDTD computed scattered fields must propagdte Time-Domain Statistics
(of course, similar concerns are relevant for the incident-field Frequency-domain scattering from rough (random) surfaces
Huygens surface as well). has been characterized in terms of the mean and variance of
For the target depths and soil properties considered tie scattered fields [1]-[9]. This parametrization is natural
Section IV, the simple Green’s function approximation hasince at a given frequency the scattered field is a random
proven very accurate after performing exhaustive tests. Howariable. However, in the time domain, the scattered field
ever, similar tests also showed numerical dispersion to bdsaa time-dependent random process. For all the cases we
concern, requiring one to be very careful about the spati@ve considered in the course of this work using the surface
discretization and requiring the Huygens surface to circumsughness in (1), the time-domain fields scattered from the

scribe the target (and rough surface) tightly. In the resultsugh surface are approximately wide-sense stationary (the

As described in Secion II-A, we calculate the scattered

I1l. TIME-DOMAIN STATISTICS AND DETECTION
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correlation matrix [35] computed via averaging hundreds of Under the above hypotheses, a given polarization of scat-
Monte Carlo realizations has Toeplitz symmetry with less thdered field ¢(t) can be expressed agt) = c(¢) under
5% error). Therefore, we describe the statistical properties lfpothesisH, ande(t) = E'/?s(t) + c(t) under H,, where
the rough-surface scattered field in terms of its autocorrelatiéH/?s(¢) is the known deterministitarget signature (with
[35]. One drawback of this procedure is that the autocorrelatienergyE) andc(¢) is the stochasticclutter characterized by a
is dependent on the incident-pulse temporal shapg viz., joint probability density (in the remainder of the text when
if 75(t) represents the autocorrelation of the scattered fieldppears alone, it represents the energy of the deterministic
when the incident pulse shape is a delta function, then theattered field and when it appears &%) it represents
autocorrelation of the scattered field for the input-pyi&g is expectation). If the clutter(t) is white (E[c(t;)c(tr)] =
o oo 62,6(t; — ty), where o, is the variance ifc(t) is a zero-
— _ mean process, then the optimal detector is a matched filter
o) /_oo /—oo B afgg(B)rst = F+7). @ [20], [36]. In general, the clutter is not white and the optimal
detector consists of a matched filter preceded by a whitening
The power-spectral density (PSD) of the scattered f&Id)  filter [20], [37]. If &, () represents the impulse response of
is represented by the Fourier transformgf¢) and is ex- the jinear time-invariant whitening filter, then the new noise
pressed as response.(t) and signal response (¢) after whitening are

Sy (w) = |GW) | S (w) ) e(t) = / o(Yho(t = 7) dr
where S; (w) and G(w) are the Fourier transforms of;(¢) Y A
andg(t), respectively. Therefore, although the autocorrelation s« (t) = e ST (t —7) dr. (4)
and PSD of the field scattered from a rough (random) surfaﬁeFI
are dependent on the incident-pulse shape, with knowledge
(i(w), one can calculate the incident-pulse-independent P

Ss(w) characteristic of the clutter alone.

ypothesisH, is true, the filter output i=.(t) = c.(t),

ile if [, is true,e,(t) = EY?s*(t) + c.(t). Finally, the
output of the whitening filter is projected onto the function
E'%5,(t) resulting in the random variable

B. Optimal Detector l:/ VEs, (t)e,(t) dt. (5)
In addition to studying the transient fields scattered from _ - )

a rough (random) surface, a major focus of this investigatidh P({| o) is the probability of/ under hypothesigi, and

involves the detection of a fixed target in the vicinity of suck(!|#1) is the probability ofl under H,, the decision as to

a surface. As discussed in Section I, this is a basic proble#hether a target is present is effected via the statistic

of interest for many applications. Detection theory has been (I —m)?

investigated for decades [20] and, therefore, the purpose here is p(I[Hy) exp [_ T]

not to develop a new detector. However, in classical detection = p(I[Hy) = R (6)
theory, one often makes assumptions that simplify detector exp [F]

design. In practice, such detectors often do not work as well
as expected and it is of significant interest to understand whyhere the right side of (6) is valid i.(t) is a zero-mean
such that improved detectors can be developed, if necess&gussian process (it is approximately white as a consequence
The FDTD allows us to perform controlled experiments withf the whitening filter) withm = E'/? and ¢” representing
which underlying detector assumptions can be investigatéw® variance ofc,(t). For a given threshold’, we choose
systematically here with application to GPR. Hy if A>T and Hy if A<T [20]. If c.(t) is a zero-mean

A concise summary of simple detection theory [20] iwhite Gaussian process, it is easy to see from the right side of
given, such that the underlying assumptions are understd6dl that the statistical properties afare dependent entirely on
for subsequent examination. We consider a binary test fiye statistics of and, therefore, the latter is termed a sufficient
hypothesesH, and H,, where H, states that the scatteredstatistic [20] (and alone can be compared against a threshold).
signal consists of clutter alone afi that the signal consists For the surface characteristics in (1) and the examples
of the superpositiorof clutter and thedeterministicresponse studied here, we have foundt) to be well characterized by
from a known target. Implied in this test are the assumptiodsGaussian density function (this is not surprising, as dictated
that: 1) there are only two possibilities for the source of thgy the central limit theorem [35]). Therefore, we specialize
scattered field (i.e., that the binary hypothesis test is validjie discussion to the Gaussian case. The detector performance
2) the target and clutter signatures are additive; and 3) tiseparametrized by computing the probability of a false alarm
target has a deterministic signature. Assumption 1) constitugésthreshold?’
a simplification of the general problem of multiple hypothesis o
testing [20] and allows a direct examination of 2) and 3). Our Pp(T) = Pr(l>T|Ho) = /71 p(l|Hy) dl (7
numerical experiment is easily designed such that 1) is vali s :
Therefore, we undertake a detailed examination of 2) and % well as the probability of detectlzn
Whi:)h are of importance for multiple hypothesis testing as Pp(T) = Pr(l>T|Hy) :/ p(l|Hy) dl. (8)
well. T
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Detectors are usually characterized by plotting he and 1.2
Pp as a function of the thresholfl and this representation is
termed the receiver operating characteristic (ROC) [20]. One
can adjust the paramet@rto operate the detector at’a- and

Pp that is appropriate for a given application.

Summarizing, we will use the classical (whitening-filter)-
(matched-filter) detector discussed above to investigate the
radar detection of subsurface targets. Other more-complicated
detectors could be used if the aforementioned assumptions
breakdown, although this results in a significant escalation in
detector complexity [20]. With regard to the results presented
below, the whitening filter is implemented via a forward
(linear-prediction) error filter [37], the parameters of which
are computed by solving the classical Wiener—Hopf equations
[37], which require the autocorrelation matrix of the clutter @
¢(t) (in the absence of the target). The autocorrelation matrix
was computed by averaging the scattered fields from 300 20
realizations of the rough surface, each of which is described
by the same rough-surface density function.

Amplitude

-120 -90 -60 -3.0 00 3.0 6.0 .0 120

Time (ns)

10+

IV. RESULTS

For all examples presented here, the excitation is in the form
of an obliquely incident plane wave with incident pulse shape
and spectrum shown in Fig. 2. This waveform is representative
of signals generated routinely by ultra-wide-band SAR systems
[17]-[19]. While we consider various statistical models for the -20
rough-surface properties, the electrical characteristics of the
soil itself are kept fixed. In particular, the soil is modeled Frequency (GHz)
with a frequency-independent dielectric constapt = 6 )
and conductivitye = 0.005 S/m. While this model does
not correspond to any particular soil, it is consistent Withig 2. (a) The incident pulse and (b) its spectrum used in all scattered-field
data measured for various soil types of interest [38]. Notemputations.
that although the dielectric constant and conductivity are

frequency independent in this model, the incident and scattere(#efore proceeding, recall that for the examples considered

waveforms are dispersed as they propagate through the %'re, we have assumed plane wave incidence. This is moti-

due to the frequency 1dgpendence of the_ index of refractlggted by the SAR problem [17]-{19] for which the sensor
n(w) = [e, — jo/we,]'/?. Thus, the equivalent (Huygens). it distant f h : der int i Oth
currents used to model the incident plane wave were compul% utte distant irom the region under interrogation. e
in the frequency domain before Fourier conversion to the timas hors h_ave cons_ldered a tapered eXC|tat|_on [2]in the FDTD
domain form used in the FDTD algorithm. The 2-D targe({omputatlons, which may be representative of the an_tgnna
considered has a square cross section (37.5d8.5 cm) and patterr_l for some f';\ppllcatlons; moreover, such tapers mitigate
is composed of a homogeneous lossless dielectric. MoreO\}éLH[ne”C_al d|ﬁ|cult|gs at the _edges of the rough surfac_e _from
the top of the target is buried 25 cm beneath the mean positWH'Ch f|elds_ are d|ffr§1cted_ In-a manner uncharactensﬂc of
of the rough air—ground interface. The dielectric target wd@€ surface itself. While this latter issue is important for the
considered because it presents a particularly challenging c§8'Putation of rough-surface statistics, it is not necessary for
for radar systems. the detection example_s_c0n3|dered _here_. In particular, note
In the following results, the rough-surface profile in (1) ha§0m (5) that the decision test statisticis computed by
been used, with various parameters for the standard deviat®$fiecting the total measured wavefoeq(t) onto s, (t)—the
of the surface heightt and the correlation length Moreover, latter representing the target signature forflat surface.
two angles of incidence are considered. Finally, with regafderefore, nonzero values of () only exist over a very
to the target, although its shape and depth are fixed, W@ited temporal support (for the targets considered here) and,
consider several examples for its relative dielectric constatiierefore, the only portion af. (¢) of interest for computation
The purpose of this study is to explore basic target (rough ! is that for whichs,(¢) is nonzero. In our computations,
surface) interactions and their impact on the performance owg have carefully examined diffractions from the edges of
common detector (the matched filter). We note, however, tithe rough surface and these occur well outside the meaningful
there are clearly other possibilities for the surface roughngesnporal support ok, (t). We note as well that the clutter
statistics, target type, and soil type. Such issues will Istatistics (used in the whitening filter) were also computed
considered in future work. by considering those portions @f (t) with support around

10 4
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Fig. 3. Power spectral density (PSD) of the transient fields backscattered from the rough surface in (1), using the incident pulse in Fig. 2. The Gaussia
rough surface has correlation length= 18.75 cm and standard deviatioh = 3.95 cm and the soil is characterized by = 6 ands = 0.005 S/m.
Results are plotted for angles of incidenée = 30° and 70°.

the principal portion ofe, (¢). Therefore, edge-diffraction- grazing. To avoid problems inherent in deconvolving the
induced vitiation of the detector computations was avoided lmcident pulse, the spectrums in Figs. 3 and 4 represent delta-
exploiting the temporal filtering of the short-pulse time-domaifunction responses filtered by the incident pulse in Fig. 2 [see
excitation. discussion concerning (2) and (3)].
The remaining results will be presented in the form of
ROC curves, which depict the variation in the probability of
A. Clutter Characteristics detectionP;, and probability of false alarn®y as a function

As discussed in Section I-A, the clutter statistics are cha@f the detector threshold’ (see Section IlI-B). For the case
acterized by their power spectral density (PSD)—assumif§ additive white Gaussian noise, detector performanég
the clutter is wide-sense-stationary, as we have found to &ed Pr) is dictated entirely by the parametér= m/o [20],
approximately the case for all examples considered here.where from Section Ill-Bm” is the signal energy and” is
Fig. 3 we address the variation in the PSD with respect to tHee variance of the clutter. Consequently, a reduction in the
anglesd; = 30° and70° (see Fig. 1), for a surface roughnesstrength of the backscattered signatai@es notnecessarily
characterized by» = 3.95 cm and! = 18.75 cm. The most imply that detector performance will diminish. In fact, if the
striking feature of these results is the significant decreaseditter variance reduces as well, then it is possible that the
the strength of the PSD as one gets closer to grazing, whictidgio d = m/c may actually increase (note in Figs. 3 and 4 the
expected due to the fact that the backscattered fields excig@dnmensurate decrease in the clutter and target responses with
by the rough surface diminish in strength as one approactiesreasing angle of incidence). As demonstrated below for the
grazing. As a comparison with the PSD’s, we consider tiexamples considered hert= m/c increases with increasing
spectrums of waveforms backscattered from a buried targangle of incidence (although individually and o decrease)
for the same angles considered in Fig. 3. In Fig. 4, we plgtelding improved detector performance. Howevernasnd
the angular-dependent backscatter spectrums for a 37.5 cmlecrease (near grazing) other sources of noise (e.g., receiver
x 12.5 cm target ofe, = 2 buried 25 cm under dlat noise, radio-frequency interference (RFI), etc.) may become
air—ground interface. For the target considered here, we sisminant, which may deteriorate detector performance in
from Fig. 4 that theshape of the backscatter spectrum ispractice. Such issues are not addressed here, as we concentrate
relatively insensitive to angle, while, as in Fig. 3, there ien the effects of rough-surface-induced clutter on buried-target
a pronounced reduction in its strength as one approacliegection.
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Fig. 4. Spectrum of the fields scattered from a 37.5xm2.5 cm lossless dielectric target- = 2) buried 25 cm beneath a flat air—ground interface, with
the soil properties,, = 6 andos = 0.005 S/m. Results are plotted for angles of incidege= 30° and 70°.

B. Detector Performance After Prewhitening is relatively close to that found, theoretically, from (7) and

We have developed a (linear-predictor) error filter (ten tap&)- On the other hand, for the near-grazing casef;of=
to whiten the clutter response [37]. Using the concepts in (7)° [Fig- 5(b)], the Monte Carlo simulations demonstrate
and (8), we can calculatiheoretical ROC curves, under the whitening-filter-induced enhancement that is substantially less
assumption that the detector model fits the data in questidi@n that expected theoretically. However, it should be pointed
From Section IlIl-B, the principal detector assumptions aft that the absolute Monte Carlo predicted detector quality
that the target response and the clutter are additive and tiSapetter near grazingg; = 70°) than it is closer to normal
the target signature is deterministic. Under these assumptiof§idence(é; = 30°) despite the fact that the enhancement
(7) and (8) demonstrate that the whitening filter does, R#€ to prewhitening is not as great as expected theoretically.
theory, improve detector performance relative to the similar One can understand the discrepancy between the simulated
computations for the case of no whitening. However, ifMonte Carlo) and theoretical [(7) and (8)] ROC performance
the context of our Monte Carlo simulations from which wd®Y recognizing that the fieldncident on the target (after
compute simulated (empirical) ROC performance (using th@nsmission through the rough surface) is a random process
FDTD computed scattered fields in which the clutter need n@fd, therefore, so are the scattered fields. Similarly, there
be additive nor the target response deterministic), we have fptadditional randomization induced as the scattered fields
seen the significant whitening-induced performance enhanggopagate out of the soil and into air through the rough surface.
ment predicted by (7) and (8). The degree of improveme@ne can parametrize the cumulative effect of this random
in Monte Carlo computed ROC performance increases as thansmission in and out of the soil as a random process, added
angle of incidence decreases (as the wave approaches no@né the (deterministic) response of the target (calculated when
incidence), but not to the degree that (7) and (8) predict (Wee air—ground interface is flat). This random process need not
use 300 Monte Carlo realizations for a given surface-roughnds®/e the same statistical properties as the fields backscattered
statistics). from the rough surface (in the absence of the target) with

To demonstrate whitening-induced ROC improvement aswdiich the whitening filter was designed (in practice, there
function of incidence angle, in Fig. 5 we reconsider a 37.5 cwill be surface-scatter-induced cluttend the aforementioned
x 12.5 cm target of lossless dielectric constant 2 buried random-transmission-induced clutter). The mismatch between
25 cm under the rough surface in Fig. 3. From the results the actual clutter and that with which the whitening filter
Fig. 5(a), we see that fék = 30° the Monte Carlo simulations was designed will clearly deteriorate detector performance.
reveal a whitening-filter-induced ROC enhancement, whidkternatively, instead of viewing the random transmission
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Fig. 5. Comparison of the ROC with and without prewhitening. The soil and rough air-ground interface are as in Fig. 3 and the target is a lossless dielect
(e = 2) of cross section 37.5 crx 12.5 cm buried 25 cm beneath the mean position of the interface. The theoretical ROC [20] is calculated under
the assumptiorthat the scattering data fits the detector model perfectly and the simulated ROC curves (based on 300 Monte Carlo realizations) represent
actual detector performance with and without prewhitening. (a) Angle of incideéhce= 30°.

through the air—ground interface as a random proaddedto surface clutter on which the whitening filter was designed, that
the deterministic target signature, we can parametrize the targatises the deterioration in detector performance. Coalescing
response itself as a random process. However, this realitygse concepts, we can understand the reduced effectiveness
runs counter to the assumptions under which our (classicaf) pre-whitening as the incident angle approaches grazing.
detector was designed, namely, that the target signatureHiswever, we reiterate that in this paper, we consider one class
deterministic (see Section 1lI-B). In either case, the mismatdf surface roughness, one target type, and one target depth, so
between the detector model and the physical problem is dine aforementioned interpretation requires further study to be
to a randomization of the field upon entering and leaving tisated confidently.
rough (random) air—soil interface. Finally, we reiterate that the ROC performance improves as
For the cases considered here, the correlation lengththie incidence angle approaches grazing (Fig. 5), despite the
comparable to the target width (as it often will be in practicejact that the target-signature strength is smaller near grazing
Therefore, the variation in the surface roughness is relativélyig. 4). This implies that the variance in the clutter decreases
small over the target width (the target is also relativelgnore quickly with increasing incidence angle than does the
shallow). Thus, for near-normal incidence, the field incidemnergy in the backscattered target response. We have found
upon the target and the fields backscattered from same s interesting result to hold for all examples considered
randomized relatively weakly, since there is modest variatiehus far. However, in future work this phenomenon must be
(randomness) over the surface area with which these fields farther tested as a function of target type and surface-roughness
teract. However, as one approaches grazing the fields incidstattistics.
on the target interact with a wider range of the air—ground In the remainder of the text, we present Monte Carlo
interface, sustaining more randomization (the same holds treedculated ROC curves for which the whitening filtexsbeen
for the backscattered fields as they are transmitted from thidlized with the understanding that these results are inferior to
soil to the observer). Thus, the degree of transmission-indudédse predicted by (7) and (8), with this disparity increasing as
randomization (upon entering and leaving the soil) increasé incidence angle approaches grazing. However, these results
as one approaches grazing. From the previous paragraplaré useful for they represent the type of performance one may
is this randomization, which is not necessarily matched to tk&pect from an actual system (the FDTD allows us to model
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Fig. 5. (Continued) Comparison of the ROC with and without prewhitening. The soil and rough air-ground interface are as in Fig. 3 and the target is a
lossless dielectri€e, = 2) of cross section 37.5 cm 12.5 cm buried 25 cm beneath the mean position of the interface. The theoretical ROC [20] is calculated
under theassumptiorthat the scattering data fits the detector model perfectly and the simulated ROC curves (based on 300 Monte Carlo realizations) represent

actual detector performance with and without prewhitening. (b) angle of incidépnce 70°.

most of the relevant physics) using the type of detector ofteleviationsh = 6.85 cm andh = 3.95 cm are considered.
applied in practice. The type of performance demonstrated héiee anticipated reduction in ROC performance with increased
may be inadequate for certain applications and, therefore,surface variation (largek) is demonstrated in Fig. 7.

Section V, we discuss the implications of the results presented

here on the development of new detectors, which propeﬁy Target Properties

account for the physics in question.
In the final example, we fix the surface-roughness properties

i ({ = 18.75 cm andh = 3.95 cm) and consider an angle of

C. Detector Performance as a Function incidenced; = 70°. The 37.5 cmx 12.5 cm lossless target is
of Roughness Properties buried 25 cm under the mean soil height (as in all previous

We next investigate detector performance (ROC) for examples) and we consider targets with dielectric constants
fixed target and fixed angle of incidence (near grazing), when = 2, 3, and 4 (recall that the soil electrical properties
the statistical properties of the rough surface are varied. Ase characterized by, = 6 and o = 0.005 S/m). As with
mentioned above, the ROC’s are computed using whitenittie results in Figs. 6 and 7, tlgpialitative ROC performance
filters and in these examples the change in the surface statistiaa be predicted in advance (improved detector performance
implies a different whitening filter for each example studiedwith increase target-soil dielectric contrast). However, here

A decrease in the correlation lendthonstitutes an increaseas there, the accuracy of the FDTD computation allows us
in the variation of the rough air—ground interface and, therts quantify this phenomenon using the detector discussed
fore, an anticipated deterioration in detector performance. @bove. In particular, the results in Fig. 8 demonstrate a marked
quantify such, we consider an incident anglefpf= 70° improvement in detector performance with decreasing tar-
a roughness standard deviatibn= 3.95 cm and the same get dielectric constant (heightened target-soil contrast). For
target as investigated in Figs. 4 and 5. From Fig. 6, we ste surface roughness considered here, we see that detector
that the correlation length = 31.25 cm results in improved performance is relatively poor for the case of a weak target-
ROC performance relative tb = 18.75 cm. Additionally, soil contrast (target withk, = 4), underscoring the difficulty
we consider an example in which the correlation length of detecting such targets with radar systems. Unfortunately,
kept fixed at! = 18.75 cm and rough-surface standardnany buried mines have dielectric properties very similar to
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Fig. 6. Receiver operating characteristic (ROC) for a lossless dielectric tgrget 2) of cross section 37.5 crx 12.5 cm buried 25 cm beneath the
mean position of the air—ground interface (soil propertigs:= 6 ands = 0.005 S/m). The incidence angle & = 70° and the standard deviation
of the roughness i& = 3.95 cm. Results are plotted for the two correlation lengths 31.25 cm and! = 18.75 cm and the results were computed

via 300 Monte Carlo iterations employing a whitening filter.

the surrounding soil [39], making the radar-based detectionAfter propagating through the rough air—ground interface,
such a particularly challenging problem. In this case, the nettg fields incident upon the target are a random process, as
for an improved detector, which properly accounts for thare the fields transmitted through the interface after scattering.
transmission randomness (Section 1V-C), may be necessarytwerefore, the target signature is in fawdt deterministic.
achieve useful system performance. At issue, therefore, is the degree to which this undermines
detector performance. For the examples investigated here, we
have found that such a mismatch between the physics and
V. CONCLUSIONS the detector does, in fact, result in a deterioration of detector
We have considered short-pulse electromagnetic scatterpgyformance relative to theoretical expectations based on a
from rough (random) air—ground interfaces, with deterministjgerfect fit between the data and the detector. Further, the
targets buried underneath (see [40] for the related problefaterioration is more noticeable as one approaches grazing.
of frequency-domain scattering; we also cite [41], which wa&n explanation of this phenomenon was given in Section V-
brought to the authors attention during review). In additio&, but future research is required to investigate detector
to investigating the statistics of rough-surface scatteprg performance for a wider range of surface-roughness statistics
se we have addressed processing the time-domain scattemad target types.
fields for the detection of buried targets. The controlled natureThe results of this research indicate that, under certain
of the FDTD computations used to perform this study allowsonditions, classical detectors may be inadequate for the
a systematic investigation of the assumptions underlying cdmportant problem of detecting targets under a rough (random)
ventional detectors. The matched-filter detector used here, witterface. To ameliorate this problem, more sophisticated
clutter pre-whitening, invokes the assumptions that the targidtectors must be developed. Detectors in which the target
response is deterministic and the clutter additive. If the theoreésponse is random have been developed [20]. However,
ical and calculated (via Monte Carlo simulations) agree, thench detectors incorporate conditional probability density
we deem these assumptions valid. When such assumptionsfanetions, which imply a statistical analysis of the target
inappropriate, more-sophisticated detectors must be desigseghature. Using the FDTD, we can parametrize the statistics
(or one can live with the suboptimal detector performance, aEsociated with wave propagation into and out of the soil (for
such is adequate for the application in question). the case of a random surface), the results of which can then be
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