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Wide-Band Electromagnetic Scattering from a
Dielectric BOR Buried in a Layered
Lossy Dispersive Medium

Norbert GengMember, IEEE,and Lawrence CarinSenior Member, IEEE

Abstract—A method of moments (MoM) analysis is developed [10]-[14]. Examples of such include buried mines, unexploded
for electromagnetic scattering from a dielectric body of revolution  grdnance, and buried pipes [13], [14]. Each of these man-

(BOR) embedded in a layered medium (the half-space problem e targets has particular properties that can be exploited in
constituting a special case). The layered-medium parameters can

be lossy and dispersive, of interest for simulating soil. To make th€ context of the scattering analysis. In the work presented
such an analysis tractable for the wide-band (short-pulse) appli- here, we are interested in buried mines. It is well known
cations of interest here, we have employed the method of complexthat such targets often closely resemble BOR’s [15]. This
images to evaluate the Sommerfeld integrals characteristic of property has been exploited in a recent series of papers

the dyadic layered-medium Green’s function. Example wide- . . .
band scattering results are presented, wherein fundamental wave [16]-{19], in which MoM was used to analyze wide-band

phenomenology is elucidated. Of particular interest, we consider Scattering from buried conducting BOR's, which simulated
wide-band scattering from a model plastic mine, buried in soil, metallic mines.

with the soil covered by a layer of snow. The previous research on buried metal mines demonstrated
Index Terms—Method of moments, subserfice sensing, time- the close agreement that can be obtained between theory and
domain scattering. experiment [19], for real mines, and shed light on the under-

lying wave phenomenology. However, a principal challenge
in mine detection involves plastic mines, with such targets
) ] generally composed of only trace metallic content (usually the
EL.ECTROMAGNETIC.scatterilng from bodies of revolu-tiny firing pin, often representing only a few grams of metal).
tion has been a subject of interest for more than thrge ihe work presented here, we therefore consider dielectric
decades [1]-[9]. This research has been motivated by the fag§r-s puried in a layered medium, with the lossy, dispersive

that a body of revolution (BOR) can be used to simulate mafy ers representing the typical layered character of many soils
man-made targets (e.g., missiles). Moreover, while a BOR(E’nd/or a snow layer).

three-dimensional (3-D), the scattering of waves from such Awhile scattering from a plastic mine can be solved via

target can be solved by using what is often a 2.5-dimensional , finjte-gifference time-domain (FDTD) algorithm, such
analysis, wherein the target’s azimuthal symmetry is eXpIO'tel%quires solution of the fields at all points in the compu-

In particular, azimuthal Fourier modes are used to represent{he - yomain [20]. Though ceding some generality, the
target’s rotational variation, thereby reducing the problem oM formulation only requires solution of the fields along
finding the unknown fields or currents along a two-dimension e BOR generating arc, from which the scattered fields can

(Z'ID) d“?eqert?]tm? arc’ [1];[9]' S.UCh. unknowtrr:s dar$ usuall)ée determined at any point. Moreover, a modified version
solvectior In the frequency domain using a method of MOMEINSs ,» BOR-MoM code can be used to study the prop-

(MoM) analy5|s [11-3] . erties of dielectric-mine resonances [21], something that is
Most previous such research has focused on targets in fr ﬁ . . :
ifficult to perform via FDTD, since mines are generally

space, representative of scattering from airborne BOR'’s. . i o
: , ; .cﬁaracterlzed by lovw resonances. Finally, the exploitation
such work one exploits the free-space Green’s function, whi¢

can be computed in closed form and is itself rotationaIIOflth:S. n::tnelrs] syérrr:_?ei';r?/ %/(;erzlc:rs]enggétagft bpr}?endo_gggﬂ?i':
symmetric; these two properties are of particular importan g! insignt. particufar, un

in simplifying the MoM numerical analysis. However, ther@ets’ one can r_eadily demonstrate [22] _that there are no
plifying y [oss-polarized fieldHV = VH = 0) in the case of

has recently been significant interest in using electromagn S K ; h b loited f
scattering (radar) for the detection of underground targz&sccrisrﬁ?r:iir;g, a property that can be exploited for target

The analysis presented here is not the first to model buried
dielectric discontinuities as BOR’s. Chang and Mei [23] used a
Manuscript received January 13, 1998; revised Januarh 28, 1999. hybrid algorithm that combined finite-element method (FEM)
The authors are with Department of Electrical and Computer Engineerinr% deli f the BOR with . | . he |
Duke University, Durham, NC 27708-0291 USA. odeling of the with an integral equation, the latter
Publisher Item Identifier S 0018-926X(99)04766-3. accounting for the surrounding half-space medium. Although
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that work did not consider buried mines (it focused on geolog-
ical discontinuities), the general framework could be applied e \
to the case of dielectric mines. However, the FEM requires | Wsear
solution of the fields at all points within the BOR, while,
again, the MoM analysis only requires solution for the fields O5car| Oinc

on the surface of the generating arc. This of course results in €1, I, O
some loss of generality, but yields significant computational
savings, which are beneficial for the wide-band (short-pulse)
applications of interest.

The BOR-MoM analysis developed here uses the mixed-
potential integral-equation formulation of Michalski and
Zheng [24] (what they termed “formulation C”). To effect
such, one requires the space-domain dyadic Green's func-
tion for a general layered medium, here considering loss
and dispersion as well. As is well known, closed-form
representation of the dyadic Green’s function components
. . . . . ZN
is only possible in the spectral domain [24], while the 328N+1,HN+1,<5N+1§
Sommerfeld integrals required for conversion to the space VRN TR N evovcepepovevoonvocoeevens
domain must be evaluated approximately [25]-[29]. Oveig. 1. Plane-wave scattering from body of revolution in planar multilayered
the years various numerical and asymptotic techniques hawgironment.
been developed for evaluating these ubiquitous integrals
[25]-[29]. Most electromagnetic mine-detection systems are
of an ultra-wide-band nature [11], [14], [19] and, therefore, Wtilized here, and the phenomenology of such is examined
is essential that the Green’s function components (which dfe detail, as a function of snow type (wetness) and snow
frequency dependent) be computed as efficiently as possitsiepth.

To this end, we exploit here the method of complex images The remainder of the text is organized as follows. The
[27]1-[29]. numerical formulation is discussed in Section I, wherein
The method of complex images utilizes a parametric algge detail the general MoM formulation and use of com-
rithm, for example Prony’s method [30], [31] or the matrixPlex images. In Section Ill are presented several wide-band
pencil method [32], [33], to express the components of t{ghort-pulse time-domain) numerical results, wherein basic
spectral-domain dyadic Green’s function in terms of a suRhenomenology is examined for realistic model parameters
of exponentials with complex arguments (a different sudfncluding lossy and dispersive soil and snow). Conclusions

representation for each component of the dyadic). Utiliare addressed in Section IV.

ing the Weyl or Sommerfeld identity [27]-[29], each term
in the summation can then be converted to the space do-
main (in closed form), interpreted physically as an image
in complex space. Therefore, the problem of determining
the space-domain Green’s function for a layered medium isWe consider scattering from a (lossy) dielectric BOR situ-
reduced from the laborious and computationally expensive te&fed in a planar layered environment, assuming the BOR's axis
of evaluating Sommerfeld integrals numerically [34], to thef rotation is normal to the interfaces (Fig. 1). We are interested
re'ative'y efﬁcient task Of parametric estimation [30]_[33] Aén the scattered time domain fields for an incident ultrawide-
noted, the method of complex images has been used prdignd short-pulse plane wave. The problem is analyzed in
ously, primarily for conducting targets or radiators [16]-[19]the frequency domain using a MoM solution of the coupled
[27]29], [35], while here we are interested in dielectriurface integral equations, with the time-domain response
targets, thereby necessitating additional Green’s function cof@/culated via a fast Fourier transform (FFT). For the wide-
ponents [36]. band problem of interest here, the frequency-domain analysis

In addition to describing the above formulation, with a focuglust be as efficient as possible. Therefore, the dyadic and
on computational efficiency for wide-band applications, wecalar spatial domain Green’s functions are calculated using
examine the phenomenology associated with scattering fréfi¢ complex image technique introduced in [27]-{29], avoiding
buried dielectric and conducting targets. Of particular intere8¢merical integration of Sommerfeld type integrals.
are the effects of target and soil properties on the subsequent
target signature, as a function of operating frequency. More-
over, the use of a layered-media Green’s function, rather than
the simplified half-space Green'’s function [16]-[19], allows us By enforcing boundary conditions for the tangential electric
to examine several important and realistic scattering probleaasd magnetic field components on the BOR surface, one
of interest. For example, one may be interested in detectialgtains coupled integral equations for the electric and mag-
small mines buried in soil, with the soil covered by a snowetic surface currents] and M, respectively. These integral
layer. This is a problem well suited to the numerical paradigequations can be put in a mixed potential form (MPIE, mixed

7’
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potential integral equation) D 24 <. approximated

\l generating arc

nXEinC(T):nX |:jwu(rr)/5}:€A(’f‘,'r/).J(’r‘/) ds’

-V
Jwe(r)

4V X /S Cr(r ') M(+) ds’}

/ Kpe(r, 7)YV - J(¥')dS’
s
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+n x [jwuB/GB('r,'r’)J(r’)dS’
s

- .V Gp(r, v \V - J(r")dS’
Jwep JB
+V / Gg ('r‘, T/)M(r/) dsl} (1a) Fig. 2. Geometry for method of moments analysis of scattering from body
5 res- of revolution.
. d
n x H"(r) = nx [jws(’r) / Kp(r,v') - M) dS’ ) ) )
s can be determined from the aforementioned electric-current
v / ~ 3o Green’s function, via duality. For calculating the field inside
- jopu(r) LKWl(nr)V'M(T)dS the homogeneous BOR, produced by surface currents and
= , o surface charges on its surface, we utilize the homogeneous-
-V X/S GA("’T)'J(T)dS} ) medium Green’s functiorGg(r,r') = exp(—jkpR)/4nR,
res where R = |r — /| represents the distance between source
+n X [ngB/ Gg(r,r\M(r')dS' and observation point anfélg denotes the (complex) wave
s number inside the BOR.
_ v /GB(r,r’)V~M(r’) 4s’ According to_“formulation C" in [24], the dyadic ker-
JWBB Js nel functions K 4 »(r,7’) and dyadic Green’s functions

=4
-V x / G,;(r,r’)J(r’)dS’} (1b) G, p(r,r') are written as
S rCS—

<~

similar to those given in [17] and [24] for PEC scatterers. K4 p(r, ') = (2% + 99)Kir + 22K 5 p + 22K
These integral equations have the same form as those typically F9RKY o+ 2K+ 22K (2a)
used for scattering from dielectric scatterers in free space . " " "
[3]-[9], for which well established numerical procedures are Ga r(r,r') = (22 + §9)G5p + 28G5
available [3]-[9]. The source and observation point are de- G 422G ). (2b)
scribed byr’ andr, respectively, andg™“(r) and H"(r) are ’ ’
the known incident electric and magnetic fields. The layergthe coupled integral equations in (1) are valid for an arbitrarily
medium (complex) total permittivity and permeability arehaped homogeneous scatterer, for which a 3-D MoM solution
represented by(r) = &'(r) — jo(r)/w andp(r), respectively, could be applied. However, to make an application to ultra-
where £'(r) is the real part of the permittivity and(r) ide-band scattering tractable, we consider the special case
is the conductivity;ep = e — jop/w and up represent of 3 BOR (Fig. 1), which is formed by rotating a generating
these same properties for the homogeneous, lossy BOR targgt.about the-axis. For numerical simulations, the generating
Surface charge densities have been replaced by derivativeg@fis approximated by a sequence of linear segments (Fig. 2).
the electric and magnetic surface current densifiés) and Coordinateg, ) are introduced, where the anghds as used
M(#'), respectively, using the continuity relation. in cylindrical coordinategp, ¢,z) and¢ is a length variable

Explicit expressions for the spectral domain representatigfbng the arc. In additiony is defined as the angle between
of the Iayered-mﬁdium dyadic kern& 4(r, '), the dyadic the vectort along the arc and the-direction (Fig. 2).

Green’s functionG.a(r,+) (representing the magnetic vector If the Green’s function components in the spatial domain

potential A(r) produced by an infinitesimal electric dipole af@n be computed e_ﬁiciently from_their corresponding closed-
+) and the electric scalar potentiél,. (r, ') of a point charge form spectral domain representation [24], the coupled system

associated with a horizontal electric dipole have been given 8 i(?]t:a%rafl equations given t()jy (fl) can be soived using a
Michalski and Zheng [24], where we use their “formulatio odified free-space MoM code for scattering from a BOR

C.” Generalizing the formulation in [24] to (Lgssy) dielectric 31191

scatterers, we introduce the additional dyadi€s(r,r') and

A . .
Gr(r,v') as well as a scalar kernel functioff ;,,(r,r') B- Discrete Complex Image Technique

associated with equivalent magnetic surface currents and surin [17], [18], [27]-[29], [35], and [36], it was shown that
face charges, respectively; these Green'’s function componehis discrete complex image technique is well suited for fast
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numerical calculation of the spatial domain Green’s function€, MoM Solution

whereby laborious and computationally expensive integrationo coupled integral equations given by (1) are solved

of Sommerfeld type integrals is avoided. Here we summarige merically via the well-known MoM solution for axially

the basic steps. o _ symmetric objects [1]-[9], [17], [18]. To take advantage of
Assuming the Green's function in the spectral domain {fe rotational symmetry, the incident field, surface currents,

represented by (k. &y, 2, 2'), its spatial domain counterpartang Green's functions are expanded into discrete Fourier

fle —a'sy — /.27 is defined by the (shifted) Fouriergeries along the azimuthab (or ¢) direction. The currents

transform are represented using a subsectional pulse basis along the

fle—a'y—y,27) generaFing arc _(coordinath apd Fourier series.expa.nsiqn for
1 oo pdoo the periodic azimuthal variation [5], [7]. The discretization of
=5 / / Jky, by, z,2") the generating arc and all geometrical parameters are defined in
( W? oo Mmoo Fig. 2. Since the discrete complex image technique represents
ce ke )ik D ek, (3) the layered-medium Green’s functions as a sum of terms

similar to the free-space Green’s function, generalizing a free-
space BOR MoM code [1]-[9] to the layered case considered

H / /
angl f"ll‘."“ cp(irdmate@,tﬁzhtq ]rfepresen:c(a:.— .xéy ~ %)’ . here s straightforward, though somewhat laborious. Therefore,
and taking into account thaf(k,, o, z,2') is independent |\ " " (oo the detals,

o:‘t the tr?mglleoz, the spatial domain form (3) can be written Testing the integral equations correspondinggtoand ¢-
alternatively as components of the incident field decouples the azimuthal
1 R Fourier modesn = 0,=£1,4+2, 4+3,--- [1]-[9] and leads to
AN ! 9 9 ) )
1 B,2,2) = 2 /0 kg, 2,2 ) Jo(Kpmky dkp.— (4) a set of simultaneous equations where each of them may be

To avoid direct numerical integration of this highly oscill:’;\torympresented I matrix form as

Sommerfeld type integral, we represqﬂﬂcp,z, Z") in a form Zmlk Zmik mlk mlk
suitable for use of the Sommerfeld identity [27]-[29], [37] [[ ik “5]] [[ Zﬁﬁ’;;”] [[ Zﬁﬁﬁ“]] [[ Zﬁﬁﬁ“]]
mpm Et,J¢ Et,Jt Et,Me Et, Mt

—JkR 1 >~ 1 [ery[l;s’qus] [Z}?és’fh] [Z?Ilngqs] [Z?Ilngt]
[

Introducing polar coordinategk,, ) in the spectral domain

c

IR0 go(k mk, dk,  (5a)

47 R - o o J2k. [ZIT?tIquB] [Zglltlth [Z?Iltlqub] Z?f#Mt
. [Jrnk] [Vrnl
Y 9 b tm I = F;; =V, 7
ko —kp + £k and [qu k] [VHqi] (7)
R = 772 + u(z — z’)2 [thk] [Vlrfntl
=@ -2+ y—y)? +ulz—2)% (5b)  z™ is the moment matrix]™ is a column vector containing

For the source and observation point both in #helayer, this the unknown surface current coefficients, dfid is the driv-
is accomplished by performing an exponential parameter f}g Vector depending on the Fourier series coefficignith
to the spectral domain representation of the Green’s functiBide) of the incident electric and magnetic fields tangential

along a proper path in the,;-plane ork,-plane [27]-[29], [36] 0 the BOR.

f(k,,,z, Z/) =

e—jk:i(](%Z,) -
o ik=i9(z7)

k,) D. Time Domain Far-Field Plane-Wave Scattering

The MoM impedance matrice™ are independent of the
incident field (driving vector) as well as the observation point.

~
~

J2k; Therefore once the impedance matrices have been calculated,
_ . M kb the scattering for an arbitrary number of incident fieldsdfr-
: <k1§noo h(kp) + Z aye 7 “) (6) or far-field source) and/or observations points (in tiear or
‘ p=1 far field) can be analyzed.

Here we use a least-square Prony’s method [30], [31] toHere we are only interested in the scattered field at a point
determine the complex coefficients, and b,,, although any (7, scat, ¥scat) in medium 1 far from the target, produced by
such algorithm (e.g., the Matrix Pencil method [32], [33]n incident plane wave (propagating in medium 1, e.g., air) of
can be utilized. According to (6), we perform a parameter fbitrary polarization and direction of propagation described
using a finite number of complex exponentials for the functio®y (finc,%inc), Where for the case of a BOR we sgt,. = 0
B(k,,) — h(c0) (a different such for each Greens function comwithout any loss of generality, due to the rotational symmetry
ponent). Typically betweed/ = 6 and M = 15 exponentials (Fig. 1). This is best described using the polarimetric scattering
are sufficient to achieve an agreement between the approxim8RLriX S(w, finc, fscat, ¥seat) (iN BSA, backscatter alignment
and the original spectral domain Green’s function within 1%0nvention) defined by

in the root mean square sense. For a detailed discussion, cent . e

including the proper choice of the integration path, we refer [Ee } _ ¢ [509 Sewl . [Ee } (8)

the reader to [27]-[29] and [36]. B ro Sy Sy | [EYC
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from which the polarimetric radar cross section (RCS) the azimuth direction and therefore calculating #entegral
9 in the 2-D surface current integration analytically, can be

scat
RCS,, = lim 4772 EP_ easily derived by generalizing the solution given for free space
e By [11-{4].
=47 |Sp > with p.g=6,9 9)

can be easily determined. Similar to the scattering m&riwe lll. WIDE-BAND SCATTERING RESULTS

define a normalized time domain response matrix (independent he layered-medium BOR algorithm is applicable to many
of the distance and, therefore, only characterizing the targgroblems of interest in radar based land mine detection. For

itself) example, one can account for the layered manner in which
soil is often distributed. Moreover, the overturned soil in

[U’@@(t) wey (1) } which a mine is buried often has electrical properties different

wye Wy (t) from those of the surrounding, undisturbed soil; the disturbed

- Py(w) ot soil can be modeled approximately via a lossy dielectric
Sye(w) - Pa(w)  Sypp(w) - Py(w) BOR, in which a separate BOR (representing the model
(10) mine) is placed. Such applications are the subjects of future
papers. Here we demonstrate a few examples, which show
which only depends on the incident pulsgg(t) or the the potential and utility of the algorithm. In particular, we
corresponding spectr&,(w) in the two orthogonal incident first examine scattering from a plastic BOR (model plastic
polarizationsg = ¢ andg = 1. The scattered time domain farmine) buried in a lossy, dispersive half-space (Section III-A),
field can then be found at an arbitrary po{nt fscas, scat) @S with half-space electrical parameters representative of data
scat . e measured from real soil [38]. As a comparison, we also
[chat Eiﬂ . {Zjeg((tt _Zﬁ)) ZGW ((tt _Zﬁﬂ : [géo } ) consider scattering from a buried perfectly conducting BOR of
¥ we e w0 the same shape as the model plastic mine, with the perfectly
for [anC(t):| _ [Eeope(t)} (11) conducting BOR modeled by use of a subset of the terms
ey () Eyopy(t) in (7) [17]. A comparison between the weak energy scattered

assuming that medium 1 is nondispersive and lossless (ef m dielectric mines, relative to conducting mines of the same
air), where time domain variables are written as small lettet§ape, underscores the difficulty of radar-based plastic mine
and ¢ here represents time. detection. Finally, to demonstrate an example for which the
For a calculation of the scattering matSx(for one incident layered-medium Green’s function is applicable, we consider
angle) we solve (7) for two different driving vectodg™, scattering from a plastic BOR buried just under the soil, with
corresponding to two orthogonal polarizations. Explicit expref2€ soil covered by a layer of snow (Section I1I-B). In this
sions for the elements of the driving vectors are given in ti@ntext we examine the scattered signal as a function of snow
literature [1]—[9] for an incident plane wave in free-space (e.dyPe (snow wetness) and snow depth.
air). For the problem considered here, these expressions hav# the context of radar-based detection of buried targets,
to be modified, to take into account the direct (downward}ere is always a tradeoff between resolution and signal
reflected (upward) and/or transmitted (downward) incideft’ength. To achieve good penetration in typical lossy soils,
field as well as the refraction at the interfaces, both dependigigpund-penetrating radar systems are typically designed to
on the layeri in which the BOR is located. The number ofoPerate at frequencies less than approximately 1.5 GHz [11],

azimuthal modes required in the Fourier series approximatibkf], [19], [20]. However, such a restriction in bandwidth
of the incident fieldS;m = —mmax - - Mmax, depends on reduces resolution, thereby minimizing the information content

Kppmax = K1Pmax Sin Oine, USiNg the maximum radiug,,ax in the scattered fields. To enhance the information in the

of the BOR. In our MoM implementation,,,,. is determined Scattered fields, one must increase the system bandwidth
adaptively to guarantee errors less than 0.1% compared to ¢gsolution), although this implies increased signal attenua-
overall incident field. If medium 1 is lossless (€&, ~ ko), tion in lossy soils. This issue is examined by considering

1 teo |:Sgg(w) . Pg(w) Sgu;(w)

:% .

r

this could be simplified by using the approximation several incident waveforms of differing bandwidth and center
frequency.

Mamax 9 4 1.07k ) prmax — 16 Finally, before proceeding to the results, we note that there

24 Eppmax is very little work we are aware of published on short-pulse

valid for 0 < kp,pmax < 100 (12)  scattering from buried dielectric targets. The computer code

was checked extensively to verify its accuracy, and tests were
successfully performed for a dielectric sphere in free-space

indicated. . - . ;
After having solved for the unknown current coefficiefits and W|th_the limited data available on short-pulse scattering
from buried targets [17].

in (7), the dyadic Green’s functions needed in the calculation
of the scattered far field&*“*" are evaluated asymptotically , ) ) o
using only the saddle point contribution, neglecting surface afid Di€lectric and Conducting BOR Buried in a Half Space

leaky waves [37]. Explicit equations for the far field scattered In our first set of examples, we consider perfectly conduct-
by a BOR, taking into account the Fourier series expansioniimg (PEC) and dielectric cylinders of the same shape, buried in

which was found to provide a close fit ta,,,, for the range
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Fig. 3. Incident pulsep(t) (Rayleigh pulse of order. = 3, center frequencyf. = 410 MHz [39]) and corresponding amplitude spectryf( f)|
(used in Fig. 4).

a lossy dispersive half space. The PEC and plastic targets arevois -
both cylinders of diameter 12.6 cm and height 5.3 cm, with the I
dielectric target characterized by, = 2.9 andop = 10=3 £ ooz ¢
S/m (PVC). The top of the cylinders are placed 5 cm beneagh
the air-ground interface, and the pulsed plane wave is incideat
at 0, = 50 deg (see Fig. 1). Finally, the half-space in whichi 0.006
these targets are buried is described by the characteristicssof |
Puerto Rico clay (10% water content), as reported in [38]. = 0003 |
The first set of examples utilize the incident pulse in Fig.
(a Raleigh wavelet [39] of ordet = 3 and center frequency
at f. = 410 MHz). This incident waveform and bandwidth areg
typical of many ground-penetrating systems [11], [14], [19]%
[20]. The far-zone backscattered fields are normalized as glo.()()é i .
(10)—(11), with results presented in Fig. 4. For a BOR targei Vi
there are no cross-polarized backscattered fields, and therefore®®
results are only plotted foi”V (vertical incidence, vertical
receive) andHd H (horizontal incidence, horizontal receive) , o _
scattering. While there are slight differences in #i&" and Ec')gn' dtctifgo?;pEaé')sgﬂ dogtg;s’:i((’:"(’;,"’{'/'éfs im;;(:gai‘ ;%s_pfgj;)f%;ﬁn‘ézf“ﬂy
HH scattered fields for a given target, the most dramai same dimensions (diameter 12.6 cm, height= 5.3 cm). The top of the
characteristic of the results in Fig. 4 is the large discrepancydyiir}ge; risz _SPErgrtgeéoi\évo tg; g\r;i;lhni-g)i/r ivr\llgetgﬁgsjﬁ)ﬁ ;es()ultcsmar(‘leaﬁro vlvn or
the amplitudes of t_he waveforms scattered from the PEC aﬁ@v (32) e o I”HHL) t w;(t) e ecattme and
PVC targets (despite the fact that the targets have exactly e — 50° (no cross-polarization for backscattering from BOR [22]). The
same shape) and the different polarity of the signals, the lattegident pulse is given in Fig. 3.
resulting from a “negative” contrast in permittivify/. ; = 2.9
for the PVC target compared to a soil permittivity ranging Another characteristic of the results in Fig. 4 is the fact that
from 5 to 6). the time-domain scattered fields have duration similar to the
The relatively weak backscattered fields for the plastic targetident waveform in Fig. 3 (although the wave shapes are
are attributed to the modest contrast between the target alistorted due to dispersive target scattering and propagation
the background soil. Over the bandwidth considered here, theough the dispersive soil). Therefore, for the bandwidth in
Puerto Rico clay [38] has a dielectric constant ranging froffig. 3, the targets (both PEC and PVC) are dispersive point
5 to 6, as compared te/.; = 2.9 for the target. It should scatterers. Since there are many obstacles which will similarly
be pointed out, however, that many dry soils have dielectiie point scatterers (rocks, roots, etc.), target discrimination is
constants even closer ¢, for which the fields scattered fromdifficult with this incident waveform. To address this issue,
the plastic target will be even smaller. one can utilize a wider bandwidth incident waveform such
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Fig. 5. Incident pulsep(t) (center frequencyf. = 3000 MHz) and (&)
corresponding amplitude spectrui( f)| (used in Fig. 6).

‘ e - PEC, HH
i o i _ I ———— PVC,HH
that higher resolution is achieved. We therefore consider . ;
the waveform in Fig. 5, which has a center frequency at
f. = 3000 MHz and considerably wider bandwidth than Fig. 3=
To accommodate the increased bandwidth, however, the prfa-
cipal energy components are at significantly higher frequenc§/
than those in Fig. 3, resulting in increased attenuation as tige
wave penetrates the soil. In Fig. 6 we consider the same targét
as in Fig. 4, but using the incident waveform in Fig. 5. As seeE
from Fig. 6(a) and (b), the increased bandwidth results in z
noticeable difference in th&'V’ and H H backscattered fields. g , |
Moreover, the shapes of the waveforms scattered from the
PEC and PVC targets are different as well (note the different L
polarity already mentioned above), although, as in Fig. 4, the — P ow L
scattered fields from the PEC target are markedly stronger
than those of the plastic target.

The increased bandwidth of Fig. 6 has resulted in the (b)
anticipated enhanced information content in the scattered fiekds 6. Same as Fig. 4, but using pulse in Fig. 5.48)v (t) = wgs (t),
(relative to Fig. 4). For the PEC target we attributed much & wrr(t) = wpu(t).
the additional waveforms (vig-vis, Fig. 4) to reverberations

between the top of the target and the air-ground interfaqgelative to soil) and the shallow target necessitates minimal
which can be resolved using this larger bandwidth. For th®il penetration. Therefore, we consider the incident waveform
plastic target there are also such reverberations, as wellj@¥ig. 7 (center frequency, = 720 MHz), characterized by
energy that gets absorbed in and then reradiated from {Rereased bandwidth relative to the pulse in Fig. 3. In Fig. 8 we
interior of the plastic (these two phenomena are difficult tonsider “dry snow,” “snow,” and “wet snow,” characterized,
separate). The increased complexity in the scattered wayggpectively, by, = 1.5 ando,=2-10"*S/m;e’, = 3 and
forms of Fig. 6 is accompanied by a significant reduction ip, — 10-3 S/m;e’, = 5 andoy =102 S/m [40]. For theV'V
the amplitude of the scattered fields (due to the aforemegsyits in Fig. 8(a), the increase in dielectric constant with
tioned enhanced soil attenuation); comparing Fig. 6(2) agflow wetness results in an expected temporal shift, but the
(b) with Fig. 4, we note that the higher bandwidth excitatiogeneral shape of the scattered waveform is largely unchanged
results in an order-of-magnitude reduction in the scattered-fig{gt, snow type. As a comparison, in Fig. 8(b), we consider
amplitudes. H H scattering for which the scattered fields are characterized
by a more substantial variation with snow type. Interestingly,
in Fig. 8(b), the 10-cm layer of “dry snow” results in a
We consider a PVC cylinder of the same shape as abogtronger scattered field thatn when there is no snow at all
buried 1 cm under soil, with the soil covered by a 10-crthis is attributed to the very low loss of the dry snow and
snow layer. The winter conditions are likely to alter the so# snow-layer-induced enhanced impedance matching between
properties (due to freezing), but for simplicity, we consider thidde soil and air. The difference between thé” and HH
soil as in Figs. 4 and 6. Dry snow is often easily penetratea@ses is demonstrated even more dramatically in Fig. 9 for
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0.000

S-O.OOI

time [nsec]

B. Dielectric BOR Buried Under a Snow Layer
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Fig. 7. Incident pulse(t) (Rayleigh pulse of order = 4, center frequency
fe = 720 MHz [39]) and corresponding amplitude spectryf(f)| (used
in Figs. 8 and 9). no snow, HH

10cm dry snow, HH
10cm snow, HH

— 10cm wet snow, HH

which the backscattered fields are examined as a function @foml
snow depth (0, 5, 10, 15, 20 cm) for the “snow” of Fig.%
8. For V'V polarization there is verly little reverberation inZ
the snow layer, while fortf H polarization, there is a no- 2
ticeable late-time oscillation manifested with increased sno
depth. The minimaV’' V' reverberation is attributed to the fact = i
that there is near-total transmission at the various interfacgs®®!
(particularly at the air—-snow interface), due to near—BrewsteE
angle excitation [41], while such Brewster effects are abset
for the HH case.

-0.002

V. CONCLUS|ONS -2.0l -1.0 0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

A numerical algorithm has been developed for modeling time [nsec]

plastic mines buried in a lossy layered medium (e.g., soll (@)

with or without a snow layer). To make such an analysigg- 8. Normalized time domain response for a buried PVC-cylinder (diam-
. . ter= 12.6 cm, height= 5.3 cm,el 5 = 2.9,05 = 10~3 S/m) including

tractable for the wide-band, short—pl_JIse problems of mteg]-e effect of a 10-cm snow layer (layer 2: “dry snow” with, = 1.5 and

est, we have assumed that the mine can be modeledsas- 2. 10=* s/im; “snow” with /., = 3 ando, = 10~ S/m; “wet

a BOR, which is a good approximation for most minesnow” with s/, = 5 andos = 10=* S/m) on top of the soil (layer 3:

Exploitation of this feature results in a significant savinggué'e Rico clay with 10% water content [38]). The top of the cylinder
. . . e .o IS 1 cm below the ground-snow interface at = 0 cm, the snow-air
in required computational resources (@sAs finite elements interface is located at; = 10 cm. Results are shown for backscattering and

[23] or the finite difference time domain [20]). While thefin. = 60°. The incident pulse is given in Fig. 7. (@) v (t) = wae(?).

MoM BOR algorithm has been utilized for some time, if®) wr(t) = wyu(t).

is only through application of the method of complex im-

ages [27]-[29], for efficient evaluation of the layered-mediura viable option, especially when the contrast between the

Green'’s function, that the wide-band computations of interedielectric target and soil is small). It is for such purposes

here are tractable. The wide-band scattering results for tiwat the numerical analysis presented here is of particular

PEC and PVC BOR'’s presented above took typically on thmportance. Moreover, in the design of optimal detectors

order of one and four hours of CPU time, respectively, on[42], one requires priori knowledge of the target signature

200-MHz Pentium Pro personal computer (with the codes a function of soil type and target depth (the latter two

written in Fortran 77). are not known exactly in practice and, therefore, must be
As was demonstrated in the results of Section Ill, theharacterized statistically). For such applications, one must

characteristics of the scattered waveform depend strongligve access to the target signature for a large range of

on the environment, mine type, and system bandwidth. E&mvironmental conditions, necessitating the efficient algorithm

deploy a radar system properly for a given application, ftresented here.

is important that the expected scattered signal amplitudeWhile the layered-medium BOR algorithm is applicable to

and shape be known in advance (there are many plastiany problems of interest in mine detection, here we have

mines and soil types for which radar-based detectionas chosen to present a few representative examples. As expected,
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buried-plastic-target resonances are strongly dependent on the
specifics of the target and background. To quantify the regimes
for which resonance-based discrimination is appropriate, it is
important to have an accurate model. The MoM analysis of
buried-plastic-target (mine) resonances will be the subject of

0.000

(1]
(2]
(3]
(4]

-0.001

normalized response wVV(t) [m]

-0.002

5.0 6.0 7.0

time [nsec]

(@)

(5]

no snow, HH

Scm snow, HH
~ 10cm snow, HH
- 15c¢m snow, HH
20cm snow, HH

(6]

0.001

(7]

0.000

\
%:7 y - (8]

El

-0.001
[10]

normalized response wHH(t) [m]

[11]
-0.002 |-

P R ‘L\ B S I R [12]

time [nsec}
[13]
Member, IEEE

(b)

Fig. 9. Same as in Fig. 8, but considering variable snow deptf%dr]
(z1 = 0,5,10,15,20 cm) and “snow” withe!, = 3 andos = 1073 S/m.
(@) wy i (t) = wog(t). (b) wrrrr(t) = wyy (). [15]
plastic targets result in significantly reduced scattered energy
(relative to a conducting target of the same shape), with
the details of the plastic-target signature dependent on the
contrast between the electrical properties of the soil am)
target. We also examined scattering from targets buried under
a snow layer. For dry snow, the attenuation introduced kyg
snow penetration is minimal at the frequencies of interest,
and radar provides an effective tool for subsurface sensiqgg]
We also witnessed difference in théV and HH scattered
fields in such environments due primarily to Brewster-angle
effects. [20]

An advantage of the frequency-domain solution presented
here (relative to time-domain techniques, such as the finite
difference time domain [20]) is its applicability to the compury;
tation of target resonances [18], [21]. The late-time resonances
of buried plastic targets have been measured previously, with

particularly encouraging results presented in [14]. Howev ?,2]

future research.
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