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Abstract—The multiresolution time domain (MRTD) is used to 1
analyze wide-band plane-wave scattering from general dielectric Scaling @ (x)
targets embedded in a lossy half-space, with free-space scattering 0 — —
as a special case. A Haar wavelet expansion is used for simplicity, 1
this constituting a generalization of the widely used finite-differ-
ence time-domain (FDTD) method. In addition to developing the 0 — _
mathematical formulation, example results are presented for sev- wavelet 'V (x)
eral targets, with the MRTD results validated through comparison 1
with an independent frequency-domain method-of-moments solu-

tion and an FDTD model. Fig. 1. Haar scaling function and first-level wavelet on one dimension.
Index Terms—Buried object detection, electromagnetic scat-
tering, multiresolution techniques, time-domain analysis. terest in expanding the fields in terms of a wavelet basis, thus
realizing what has been termed a multiresolution time-domain
(MRTD) analysis [8], [9]. The multiresolution property is a con-
sequence of the wavelet expansion, with the lowest resolution
UBSURFACE sensing is of interest for many applicationgnanifested in terms of scaling functions, with higher resolution
including detection of buried pipes, unexploded ordnan¢eefinement) added by wavelets. Wavelets of successively higher
(UXO), and land mines [1]-{7]. There has consequently beegsolution can be added to the scaling-function expansion to re-
significant interest in the development of modeling tools for thalize a field representation of a desired resolution. There are an
analysis of electromagnetic-based subsurface sensing, withiafinite number of possible orthogonal or biorthogonal wavelet
plication to radar [1]-[4] and electromagnetic induction [5]. Itlasses [10], but one typically imposes requirements (e.g., dif-
particular, authors have considered both frequency- and timlerentiability and/or vanishing low-order moments [10]) that re-
domain models, the former including the method of momengsrict the wavelet form. As illustrated further in Section 1l, one
(MoM) [3], [4], the extended-Born method [5], and fast-multi-of the important requirements of the scaling and wavelet func-
pole methods [6]. With regard to time-domain methods, the fions, in the context of MRTD, is that they have compact support
nite-difference time-domain (FDTD) method has been appli¢gero outside a prescribed region).
widely [2], [7]. The aforementioned frequency-domain methods With regard to the choice of scaling and wavelet functions, for
typically employ a Green’s function (e.g., for layered media amplementation of the MRTD, one can consider smooth func-
a half-space [3]-[6]), and therefore they assume some regulatityhs such as the Battle-Lemarie [8], [9] orthogonal wavelets
in the background medium. The advantage of such an approaghthe Cohen—-Daubechies—Fouveau [10], [11] biorthogonal
is that one need only discretize the target surface, rather th@avelets. The Battle—Lemarie wavelets are not of strictly
the entire region of interest, yielding computational efficiencgompact support, although these infinite-support functions can
By contrast, the FDTD discretizes the entire computational doe truncated approximately in the context of MRTD [8], [9]. In
main, in both space and time, and therefore it is applicabletitis paper, we focus on the simpler Haar wavelets, the scaling
very general background media [2], [7]. function and mother wavelet for which are shown in Fig. 1 (in
The FDTD can be viewed in terms of a pulse expansion ohe dimension). One notices that the Haar scaling function
the electromagnetic fields, in both space and time [8]. With this simply the pulse expansion used in the traditional FDTD,
understanding, one can generalize the FDTD by consideringwith the wavelets providing refinement to this representation.
alternative expansion. For example, there has recently beenThe MRTD with Haar wavelets is therefore a natural extension
of the traditional FDTD, thereby constituting a good starting
Manuscript received September 11, 2000; revised February 9, Zo@fr’int for MRTD consideration. One can show, for example,
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is manifested when one realizes that the MRTD offers signifiariation. This yields a natural multiresolution field representa-
cantly more flexibility than FDTD. In particular, in the MRTD, tion.
one need not use the same number of wavelet levels throughouh the results presented subsequently, comparisons are made
the computational domain. In regions of relatively slow spatidletween MRTD and FDTD results [2], [7], [15]. The FDTD can
field variation, one can use scaling functions alone. Whebe viewed as a field expansion in terms of pulse basis functions
fields vary more quickly, successively higher wavelet levelgubes in three dimensions), these pulses being analogous to the
can be added. Consequently, in the context of a Haar-bastamhr scaling function. Haar wavelets therefore represent a good
MRTD, one effectively realizes a natural multiscale griddingtarting point for examination of MRTD. Let the Haar scaling
of the traditional FDTD. There has been previous work on tHanction be represented gy with the mother wavelet denoted
development of multiscale FDTD gridding schemes, although These functions are depicted in Fig. 1. Although a wavelet
in that work there have been issues regarding algorithmdecomposition can be performed in time as well, here the time
stability [12]—[14], which is not a problem for the MRTD. variation is expanded in a pulse bakig\ssuming an expansion

As discussed further in Section Il, other advantages of tireterms of scaling functions and a single level of wavelets, we
MRTD are found in the natural way in which general materidiave
interfaces and heterogeneity are handled, without the need for a

oo

staircase iqterface approximatign, or the inFroductio_n qf spe.ci@-l(x’ y,z,t) = Z Pomtsr ()
conformal interface cells. As with the multiscale gridding dis- i kme— oo
cussed above, authors have developed techniques for improved bbb
accommodation of general material interfaces within the FDTD X [ka Piton (2) Pivou (Y) brevos (2)
[1.5]. The point is not that genergl interfaces cannot be handled +Ef}ﬁ;w¢i+am (z) bjzoy (1) s (2)
via FDTD, but rather that such issues are treated naturally and b o
easily within the MRTD construct [8], [9]. We also reiterate + Fz‘,j,{v "7)i+51‘ (@) Yoy (U) Pros (2)
that the baslic 'r\IARTD ils applicable tlo a [ge]n[er]al[ w?velet prag- + Ffﬁ’w@#w () Vjtoy (Y) Yrysz (2)
sion, not only the simple Haar wavelets [8], [9], [11] considere ., ,
here, and further benefits are manifested in the reduced MRTD + Fi:‘,ﬂ?k Jz/}’*‘s”f () bitoy () Prto (2)
numerical dispersion with smooth waveletis-a-visthe tradi- + Effﬂ’”z/)im z) Pty (U) Yrts= (2)
tional FDTD [9]. W 1b,b
. . . . . +E7 0 i 50 (1) W46 a6z (2

Previous published work with MRTD has focused primarily I Ji/ +02 (@) Yoy (V) Prre: (2)
onits application to high-speed integrated circuits [8], [9]. There +E 5 Pipse (2) Y16y (Y) Yrtss (Z)}
has recently been investigation of two-dimensional electromag- 1)

netic scattering via MRTD, with primary focus on interaction

with rough interfaces [16]. It is believed that this paper consiyhere’ denotes any electric or magnetic field component. The

tutes the first fully three-dimensional analysis of electromaghdexes:, j, k, andm are the discrete space and time indexes

netic scattering with MRTD, with the principal focus here ofelated to the space and time coordinates, analogous to the tra-

subsurface sensing, although free-space scattering examplesgigignal FDTD [2],[7],[15], withéz, 8y, 6z, andét representing

also presented as a special case. displacements along they, z, andt directions. Table | summa-
The remainder of this paper is organized as follows. In Segzes the relative shifts between the different field components,

tion I, we present a detailed discussion of the MRTD scatterir@nstituting the MRTD unit cell, assuming Haar expansion with
formalism, with an implementation in terms of Haar waveletscaling functions and a single level of wavelets.

We consider plane-wave excitation and therefore discuss extenconsidering (1) more closely, we note that each field
sion of the traditional FDTD connecting surface to the MRTRomponent is represented by eight terms (&gz)¢(y)¢(z),
problem. We also discuss MRTD implementation of the peps(z)¢(y )y (2), etc.), each of which is a three-dimensional basis
fectly matched layer (PML) absorbing boundary condition. Setinction realized here in terms of a Haar scaling function and
eral example results are presented in Section I1I, with the MRT&®single wavelet level. The eight basis functions are analogous
data compared to results computed via an independent MoM g®+taking a single FDTD cubic basis and dividing it in half in
lution and to FDTD-generated data. Conclusions and future giree dimensions, yielding eight smaller cubes where there was

rections are discussed in Section IV. one. In general, a single scaling function plusvavelet levels
will produce 8 basis functions per unit cell, for a given field
1. MRTD SCATTERING FORMULATION component, which is equivalent to FDTD with 8ubes within

the volume of the scaling functions alone. As discussed further
below, by selectively pruning the number of wavelets utilized
We begin the MRTD analysis by expanding the electromagt a given region, one can realize a multigrid FDTD scheme
netic fields in terms of a wavelet basis, composed of scalimgthout the stability concerns of previous multigrid FDTD
and wavelet functions, in a manner analogous to the well-knowatgorithms [12]-[14]. We also note from (1) and Table | that the
method of moments [3], [4]. Scaling functions are employed &f* basis functions used to represelifferentfield components
regions characterized by smoothly varying fields (coarse fietdte in general shifted spatially by a quarter-cell with respect
representation), while additional sampling points (refinemert) one another (a cell corresponding to the size of the scaling
are introduced by incorporating wavelets in regions of fast fiefdnction), analogous to FDTD in which the different field

A. Basic Formulation
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TABLE |
DISPLACEMENTS FORDIFFERENT FIELD COMPONENTS
E, E, E, H, H, H,
&x(cells) 0.25 0 0 0 0.25 0.25
8y (cells) 0 0.25 0 0.25 0 0.25
5z (cells) 0 0 0.25 0.25 0.25 0
at(ar) 0 0 0 0.5 0.5 0.5
components are in general also shifted in space with respect to 10 -1 0 00
one another [2], [7], [15]. However, in FDTD, the shift is by 01 0 -100
half a cell. 10 -1 0 0O
Consider a homogeneous medium with electric permittiyity [Co] = 601 0 -100
magnetic permeability, and conductivityr. An example equa- 60 0 0 10
tion from Ampere’s law can be expressed in Cartesian coordi- 00 0 0 01
nates as 0 0 O 0 1 0
LO 0 O 0 0 1
OH. — OH, zgaE’” +0E,. 2) rt -1 0 0 0 O
dy 0z ot 1 3 0 0 0 0
. . . . 0o 0 1 -1 0 O
Inserting (1) in (2), we obtain the MRTD equations by em-

. N . . o 0 1 3 0 0
ploying a Galerkin's testing procedure [4], with the subsequent  [D;] = 00 0 0 1 -1
difference-equation representative of (2) given as 0 0 0 0 1 3

(m+1) (m) 0 0 0 0 0 0
[Ew]”k =« [Ea:]”k 0 0 0 0 0 0

(I LT — [ (L) 110 0 0 0

m m 1 -1 0 0 0 O

= (I, ~ D (B o 0 1 -1 0 o

3) 0 0 1 -1 0 0

PA=1g 0 0 0 1 -1

where the space discretization (size of the scaling function) 0O 0 0 0 1 -1
in the z-, y-, and z-directions is assumed to be the same. 0 0 0 0 0 0
The constantsx = (1 — (cAt/2e))/(1 4+ (e At/2¢)) and lo 0 0 0 0 0

B = At/(eAz(l 4 oAt/2e)) corresponded to the material

R 2, OO0 0000 R R OODOOOoOo
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(5b)

(5¢)

(5d)

characteristics of the cell. The vectff,]; ;  represents the vyith these found through the testing procedure and via the rela-

eight basis functions discussed above, for the field componé’tg?l.nS

E, at the discrete spatial coordinates;( k), with the super-

scripts in (3) representing the discrete time indexas in the
FDTD. The eight components of the fields are arranged as
shown in (4) at the bottom of the page by, and the matrices

are

SO OO RO

0 -1 O
1 0 -1
0 3 0
1 0 3
0 O 0
0 O 0
0 O 0
0 O 0

SR O, OO o0

O, O OO oO0o

|
Lo oo

o W o

jenil el e Bl en B en]

o

/ Vs (@) b () d =0 (6a)

/ 8‘7)”81—;4(””)@ () dav =65 — 651 (6b)

/ aw%f(x)@ (@) de =iy — 8, (6c)

/ &7)”573/:(@% () dx =65 — 851 (6d)

(52) / Wta @)y vy aw =5, v 305 (6)

whered; ; = 11if i = j andd; ; = 01if ¢ # 5. The MRTD equa-
tions for the other field components can be deduced similarly.

i i oo i i i oo oo 1T
[El‘]i,j,k :[E;f7¢7¢ E$’¢’w Ei?,w,tb ng,w,w E;u,¢,¢ E;#,tﬁ,w E;#,w,tﬁ E$7W7w]i,j,k

4)
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The matrix-based representation of the update (3)—(5) camly store the time-dependent basis-function coefficients on a
stitutes a compact MRTD implementation and is applicable td-uygen’s surface enclosing the target. The scattered fields at
general wavelet basis and an arbitrary number of wavelet levedsy position outside the Huygen surface are calculated by con-
If higher order wavelet levels are considered, the matrices welving the Huygen equivalent currents with the Green'’s func-
crease in size. Through consideration of the integrals in (6) tibn characteristic of the outside region.
also clear that wavelets and scaling functions of compact sup-
port are desirable, such that the matrices in (3)—(5) are as sniallDielectric Interfaces

as possible. _ The surfaces of arbitrary-shaped dielectric objects are gener-
In (3)—(5), scaling and wavelet functions are used throughaalty not conformal to the Haar-MRTD rectangular grid. Sim-
the computational domain. As discussed in Section 11, in Pragar issues occur in the FDTD, in which one can consider a
tice scaling functions are used everywhere and wavelets are osliyircase approximation to the interface [17], averaging [15], or
utilized in regions of relatively fast field variation. In the reconformal FDTD cells [18]. While conformal FDTD cells can
sults presented below, we consider regions that are represemj€dailored to general surfaces, the mesh for each target must
in terms of scaling functions alone, for each of the three die considered anew. Within the context of MRTD, there are
mensions, and other regions in which spatial variation in eagB such issues. The same wavelet-based mesh is applied to all
Cartesian direction is expanded in terms of scaling functions ap#iomogeneities, without requiring a staircase approximation.
a single wavelet level. This implies that in some regions, ongyain considering (2), for example, the wavelet expansion and

basis function is used within the volume of the three-dimeigalerkin testing y|e|d a genera"zed form of (3), expressed as
sional scaling function (scaling functions alone), and in other

regions, eight basis functions are used (scaling function plus 1 1 (m+1)

single wavelet level). This is analogous to a multigrid FDTD At [E]i,j,k + 5 [O]i,j,k (Fz]; 4,k

scheme [12]-[14], in which a certain cubic basis is used in some < 1 1 ) (
[E]

regions and, in other regions, eight smaller cubes are used in = Z’;’)k

At [e)i T3 [23;
this same volume. However, we note that within the context of

MRTD, we need not restrict ourselves to one or eight basis func- = Ai { ([01] [Hz]frjll — [Cs] [HZ]Z(ZQM)
tions within a given cubic volume. We can utilize a subset of the x (m) ()
components in (4), ranging from one to eight. For example, if - ([Dl] [Hyl; ;5 — [D2] [Hy]i,j,k,l)} (7)

we apply wavelets in the- andy-directions, but only scaling
functions inz, we realize bases that are analogous to FDTD withhere we have (8), shown at the bottom of the page. We observe

noncubicbasis functions (the basis lengthiris twice that in  that there are only eight elements required in (8), expressed as
x andy). This is appropriate for geometries in which the fields

may vary quickly inz andy, but not inz. We do not consider

this higher level pruning scheme here, but this discussion p0| N /// Y, 2)isn (2) Gjoy (U) Prros (2)
out the flexibility of MRTD, even with simple Haar basis func- celld,j,k

tions. Xi+ox (T) Ejoy (Y) Chyos (2) drdydz 9)

With regard to the stability condition, as indicated in the Intro-
duction, a Haar-based MRTD with wavelet levels, assuming wheree (z, y, z) is the distribution function of the permittivity
a scaling function of widthw, is identical to an FDTD schemeand y, £, and ¢ can be functionp or ). We also obtain the
with spatial sampling ofv/2™, and therefore the Haar-basednalogous matrifs], . ,. From (7), we see that the inverse of
MRTD stability condition can be easily borrowed from that of(1/At) [] + (1/2) [0]) is required for each cell filled with in-
the traditional FDTD [2], [7], [15]. We note that for a more genhomogeneous media to obtain an explicit updating equation.
eral wavelet expansion, the stability condition is different thafhis is not a big burden since all matrices are computed once and
that of the FDTD [9]. Finally, as in the FDTD analysis, one neeslibsequently utilized in the time-stepping algorithm. Moreover,

r 45 ?,0 45 @, @00 RN %45 @ P, ,¢ IR QIR

;Jqsk Zz;squkqs S Ezzéj"kqs Z"J e ibe  _dbw b
En R P, Wb P, Wb U
ik ik Sigk  Sigk  Sigk  Sigk  Sigk Sigk

@,0,¢ Eé,w,w 45 ?,0 45 R Ew,w,¢ Ew,w,w 5%45 @ Ew,w,¢
1,9,k 1,9,k €5k €k i,k 1,9,k 1,5,k 1,9,k

Eé,w,w 5457%45 45 @, 45 ?,¢ Ew,w,w Ew,w,¢ Ew,w,¢ %45 @

€] .. = .4,k gk Cigk o Cigk .4,k @5,k ik Cigk (8)
1,9,k w,¢,¢ Ew,w,¢ Ew,w,nﬁ Ew,w,w 45 &, ¢ 45 ¢,w 5457%45 Eé,w,w .

i5.k 1,5,k 7,3,k 1,5,k €i5.k €igk %5, 1,5,k

Ew,w,¢ %45 @ Ew,w,w Ew,w,¢ 45 @, 45 ?,¢ Eé,w,w 545,%45
.5,k 71 k 1,5,k 1,5,k ik €i 4k i,5,k i,5,k

Ew,w,¢ Ew,w,w %45 @ Ew,w,¢ 5457%45 Eé,w,w 45 ?,0 45 @,
7,3,k 1,4,k i gk 1,4,k 1,4,k ,d,k ig.k €i5.k

LIRURT w1, b, V,¢,¢ 5¢,w,w @.0,¢ @,0,% ?,9,9

-4,k 2J.k i,5,k 2J.k i,5,k 2ok 2J.k 1,5,k -
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the matrixes{s]iyjyk and[o—]i’j’k are diagonal if the celli(j, k) The corresponding governing equations for lossy medium are
is homogeneous. For this case, (7) reduces to (3). Therefore,therefore expressed as
only use the form in (7) for cells in which the material is inho-

mogeneous. Eifgf +(0+0,) Eny + %%y :88_% (11a)

C. Connecting SurfaF:e . . 6% +(o+0.) Ean + &cm _ 0H, (11b)
When the source is distant from the target of interest, the sp0t € 0z

incident fields can typically be well approximated in terms of a @ —B (11c)

plane wave. We here employ a connecting surface [15], which at g

divides the fields into total fields (inside surface) and scat- Iz —E. (11d)

tered fields (outside surface). Connecting surfaces have been ot =

discussed previously in the context of FDTD, and here they . )
are discussed in terms of MRTD. To implement a connectitf§f/€"€<» ands.. are two auxiliary variables, and the appro-
surface, one requires the time-domain incident plame-wa_%ate selection of the p_arametesr(g Ty a_ndo—z can_be found
fields on a closed surface enclosing the target. For free-spd2&20l- The corresponding MRTD updating equations are now
scattering, these fields can be expressed in closed form, wif&/ritten as

for more general media, more care is required. In particular, in

the context of subsurface sensing, one is interested in a pulsetBEwy]EZl,zl) = Aoy [El‘y]gry)k

plane wave incident in the presence of a lossy half-space [3], (m) _ (m)

[4], [6]. For this problem, the incident fields are frequency o ([Cl] el g~ (G2 [Hz]i’j_l’k)

dependent, and therefore they are calculated in closed form in — soﬂE&;’) (12a)

the frequency domain, with the time-domain incident fields on (mt1) € (m)

the connecting surface synthesized via Fourier transform. NOte[EWZ]i,j,k = Qizz [wa«’]i,j,k

that in the half-space in which the incident fields first arrive, — 8. ([Dl] A, ](",") —[Do][H, ](".") )

the incident fields due to an infinite half-space include the = Yligk Ylingk=1

initial incident fields plus the Snell’s-law reflected component, — 50228 plm) (12b)
£

while in the subsurface the incident fields are represented by

the transmitted component. , where the coefficients,, and3, (indexv can bery or zz) are
For the cells in the vicinity of the connecting surface iven by

the update equations, e.g., (3) and (7), contain both total-

and scattered-field terms. Correction terms are introduced 1 (0 + 0y o) At

to balance this disparity, with the terms represented by the r, =— exp <— e ) (13a)
incident fields [15]. We again consider (3), for example. For fo ¢

MRTD cells around the connecting surface, the fields on one 1 1—exp (—("J"”C—)At)

side of the surface are scattered fields alone and on the other B ~ Az (13b)

side total fields. Consider the bottom of a connecting surface,

with z-pOSitionk in the total field region and—1 in the scat- where the exponentia| time_stepping [19] has been used. Con-

tered-field region. The coefficientdy>*¢ andHy:*¥ are sequently, like the connecting surface, the PML is handled in a
related to the scattered-field region, while the other coefficienisanner analogous to FDTD [19].

are related to the total-field region. Therefore, to keep the

equation consistent, a correction temﬁ;f.jf (m-+1) | correction . RESULTS
is added on the right side of (3). In this case, the correctionS | tteri . ted for dielectri
Eﬁjﬁff (m+1) leorsection IS eXpressed as everal scattering scenarios are presented for dielectric

targets in vacuum as well as targets in the vicinity of a lossy
) half-space, the latter motivated by subsurface-sensing applica-
B2 (M rrection tions. The examples are selected to underscore the strengths and
— g | HEee ) lincs _ geb (m) linei (10) limitations of the MRTD, as implemented via Haar wavelets.
Yi i k1 incident Yi k1 incident : . H H :
ol ol In all examples, plane-wave excitation is considered, with con-

necting-surface implementation as discussed in Section II.C.
We see therefore that the correction terms in the MRTD are han-

dled analogously to how they are treated in the FDTD. A. Dielectric Sphere in Free Space

We first consider a lossless dielectric sphere of relative per-
D. Perfectly Matched Layer (PML) mittivity e, = 4 and 16 cm radius, in free space, with results
A PML [19], [20] is employed as the absorbing boundargompared with data calculated via an MoM analysis tailored for
conditions. To save computer memory, we only split the fieldsbody of revolution (BoR) [21]. The comparison is performed
[19] in the PML region. We again considér, as an example. in terms of radar cross section (RCS) as a function of frequency.
This field component can be split into two paris,, and£,. Concerning the MRTD results, a Fourier transform is taken of
[19], which propagate along the andz-direction, respectively. the time-domain fields on the surface of a Huygen’s surface that
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Incident wave

A

/

'700 0'5 ,; 115 >  Fig. 3. Two dielectric cylinders in free space with plane-wave excitation.
Frequency, GHz

Fig. 2. Monostatic RCS of a 16-cm-radius dielectric sphere of dielectr%(_) cm. The relative perm!tthIt_)/ of each targetds = 3 In
constantg, = 4, as computed via MRTD and a BoR-MoM model [21]. Fig. 4, we compare the bistatic RCS as computed via MRTD

and FDTD, for a frequency of 700 MHz, with incident angles

encloses the target, with these frequency-domain fields spatidliyc. = 45° and ¢i,c = 0°, with observation at the angles
convolved with the appropriate Green’s function, to computd = 90° andy, = 0 — 180°. While one is unlikely to perform
the far-zone scattered fields. These fields are then divided $ych a bistatic measurement in practice, we have found bistatic
the frequency response of the incident waveform to deconvolemparisons to be a particularly good test of model accuracy.
the effects of the incident pulse. In this example, we use tA&e frequency-domain data are computed from the time-domain
free-space Green’s function; in examples below, the half-spdd&TD and FDTD fields, as discussed in Section I1I-A.
Green’s function is employed. We see in Fig. 2 that the agreen the FDTD computations, a cell size of11 x 1 cn? is
ment between the frequency-dependent MRTD and BoR-MoWged throughout. In the MRTD computations, wavelets are used
results is generally good. In this example, the PML is placdd the vicinity of the targets, with scaling functions alone used
4 cm from the surface of the sphere, and therefore almost @idiside. Where wavelets are employed, the resolutionis as inthe
entire computational domain is occupied by the target. CondeDTD, and in the regions of scaling functions alone the sam-
quently, for this example, we do not exploit the multiresolutioRling is half as fine (one MRTD cube, where FDTD employs
properties of MRTD, since the air region outside the target @ght). In the vicinity of the connecting surface, for the inci-
a very small fraction of the target volume. In particular, therdent fields, both scaling functions and wavelets are used. For
is little computational savings in using scaling functions alorf@e FDTD computations the material interface at the target sur-
in the air region (outside the target) and scaling functions afffe is treated via averaging the respective permittivities [15],
wavelets inside the target. Therefore, the Haar scaling functiéfiile in the MRTD the material inhomogeneity is handled as
and a single level of wavelets are used throughout. discussed in Section II-B. We consider the copolarized fields in
In this example, the principal advantage of the MRTD is mafrig. 4(a) and the cross-polarized case in Fig. 4(b). We see that
ifested in the analysis of the curved spherical surface, whichtie agreement between the FDTD and MRTD computations is
not matched to a Cartesian lattice. In particular, we have usggnerally good.
both scaling functions and wavelets throughout the computa--or the computations considered in Fig. 4, 28% of the MRTD
tional domain, with the smallest dimension cubes in this anaolume is modeled via scaling functions alone, with the re-
ysis having avolumeofk 1x 1 Crng’ which constitutes arela- mainder modeled via a Single level of wavelets as well. In the
tively coarse representation for the sphere considered (an FDtDe-domain computations, a fourth-order Rayleigh pulse [22]
staircase approximation with this discretization yields errors d&entral frequency is 600 MHz) is chosen as the source, and the
the order of 2.0 dB). Within the context of MRTD, the inhomoMRTD calculations required 23% less computation time (CPU)

geneity is handled as discussed in Section II-B. vis-a-visthe FDTD. The savings in computation time is largely
dictated by the spatial separation between the two cylinders in
B. Two Dielectric Cylinders in Free Space Fig. 3, with further advantages of MRTD realized as this sepa-

The example in Section I11-A underscores that not all targeftion is increased.
necessarily require a multiresolution algorithm. However, there i )
are many complex targets for which such an analysis is p&= Canonical Buried Targets
ticularly useful. As such an example, we consider the bistaticMany land mines are cylindrical in shape, and with this
RCS from two proximate dielectric cylinders in free space. Thgroblem in mind we consider a dielectric cylinder of 4 cm
scattering geometry is shown in Fig. 3, with dimensidhs= height and 8 cm diameter, with 4 cm between the top of the
20cm, Dy, = 12 cm,h; = 102 cm,hy = 42 cm, andl = target and the air—ground interface. The relative permittivity
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InFig. 6, we consider the same scattering scenario as in Fig. 5,
but now we consider monostatic scattering as a function of fre-
guency. The excitation is incident as in Fig. 4. The agreement
between the two models is consistent with our previous exam-
ples. In these computations, the PML in the air region is placed
close to the air—soil interface, and therefore the air region in
these computations constitutes a small percentage of the total
computational volume. Moreover, since the target-soil contrast
is relatively small, there is less need for a multiresolution anal-
ysis. In these MRTD computations, wavelets and scaling func-

301 VW-MRTD 1 tions are employed throughout, with the principal utility of the
k& +  VV-FDTD MRTD again found in the manner by which the curved target
| | A R HH-MRTD i surface is handled. The smallest cube in these computations had
©  HH-FDTD dimensions 0.5 0.5 x 0.5 cn¥, and the central frequency of

40 . ‘ ‘ ‘ ‘ . . ‘ the incident pulse is 900 MHz. Note that in the context of a
o 20 4 80 pﬁ?(degrggg) 120 140 180 180 Haar expansion, when wavelets are used throughout, one could
@ simply utilize scaling functions alone, with cell size split in half
(in each dimension).

D. Buried Target Near Clutter

As indicated in Section IlI-D, for many subsurface-sensing
problems, the utility of the MRTD multiresolution property is
less clear, since the PML allows the air region to be very small
(the PML is close to the air—ground interface). In this case, the
air region, which permits coarser spatial sampling than the di-
electric target and soil, only constitutes a small fraction of the

-20

[N
=)

RCS (dBm?)
I\
(e]

computational domain. However, there are problem classes for
HV-MRTD which MRTD vyields clear advantages. For example, rough-sur-
______ VH-MRTD face scattering is a problem well suited to MRTD, this having
o VH-FDTD been demonstrated previously for two-dimensional problems
60+ [16]. In particular, a general rough surface often manifests fine

roughness structure that is difficult to model via special con-
formal FDTD cells [18], due to the generality of the roughness.

% 20 40 60 sb 10 120 140 10 180  On the other hand, the natural manner with which MRTD han-
phi (degrees) dles dielectric interfaces is well suited to the analysis of such
(b) scattering scenarios. Rough-surface scattering is a discipline

Fig. 4. Bistatic scattering for the target in Fig. 3, at frequency 700 MHz, witdnto itself and requires a statistical parametrization of the sur-
gllat?/tzo gp:n itIt)i\Z/i: é}?ece{zhht; r=ei(?2 cm, ;lzTﬁe‘i?I gg_ag%’e?ni%gm-;nhﬁes face and scattered fields [16]. In lieu of addressing this problem
ared;.. i 450 antz%c — 0 %ith"%bge'rv'aﬂon gt the anglés = 90° an% directly, we consider a simpler but related scattering scenario. In
¢ = 0 —180°. The data are computed via MRTD and FDTD. (a) Copolarizelfig. 7, we again consider a buried dielectric cylinder, but now
and (b) cross-polarized fields. there is a protruding bump (“hill”) in the surface, characterized
by radiusr and heights. This bump constitutes one portion
of the target i, = 2, and the soil is modeled with a relativeof a general rough surface, allowing consideration of relevant
permittivity £, = 5 and conductivitye = 0.01 S/m. Note numerical issues. In particular, for a “hill” of height assume
that even a real permittivity with frequency-independent comhat z FDTD cells are employed along the height dimension
ductivity yields a dispersive soil medium. However, often on@=ig. 7). As the height diminishes, the size of the FDTD cells
wishes to employ a more-sophisticated model for the dispersiveist diminish { must increase). If the FDTD cells are sampled
properties of soil [2]-[4], [6], [7]. Such dispersion has beeaniformly across the computational domain, as in a traditional
incorporated into the FDTD formalism [2], [7], and similarFDTD analysis, the accurate representation of this fine structure
modifications can be made to MRTD, although we have natill significantly increase the numerical size of the problem.
considered such here. Similar issues hold in the context of representing the detail in a
The plane-wave excitation has an incidence afigle= 45°, rough surface [16].
and the bistatic scattered fields are viewed as a functigh,of We consider scattered fields from the situation in Fig. 7, as
in the same azimuthal plane as the incident wave. Results aocenputed via FDTD and MRTD. In MRTD scaling, functions
shown for frequencies of 300, 500, and 700 MHz, with MRTRre used throughout, and a single level of wavelets is used in
results compared with data computed via a BoR-MoM modt#ie subsurface and about the “hill.” Assume that the scaling
[21]. As indicated in Fig. 5, the bistatic results from these twiunctions have sides of lengtl. In the FDTD analysis, we
disparate models are in good relative agreement. initially use cells of lengthw/2, corresponding to an MRTD
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Fig. 5. Copolarized bistatic scattering from a lossless dielectric buried in a lossy half-space (see insert for geometric and electrical)paitmnatdent

plane wave is incident #&,,. = 45°, and the bistatic fields are computed as a functio#, af the same azimuthal plane as the incident wave. Data are computed
via the MRTD and BoR-MoM [21] at 300, 500, and 700 MHz.

Monostatic RCS of a buried cylinder
-30 T .
Incident wave
-40+ ?
air /’7
ils
s L 1N o
o E
5 :
0 ; .
g0l ; soil
8 — VV-BOR :
& o W-MRTD h ;
70t 4 — "HH--BOR 1
f o HH-MRTD 5
D / E
80} _ < >
90 X . Fig. 7. Scattering geometry for results in Fig. 8Fig. 9. The plane-wave
0 05 1 1.5 excitation is incident in the azimuthal plane bisecting the centers of the
Frequency, GHz cylindrical target and spherically shaped surface clutter.

Fig. 6. Monostatic RCS as a function of frequency for the target geometry and
incidence angle considered in Fig. 5. of the lossless target is. = 2.0. The soil is modeled as in
Figs. 5 and 6, and we consider= 3 cm,s = 5 cm, ands =

scheme with Haar wavelets throughout. In the MRTD, the “hill8 cm. In the initial examples, the spatial samplinguis= 2 cm,

inhomogeneity is modeled as discussed in Section II-B, andrresponding t&c = 3, 5 = 5, andk = 8 for s = 3 cm,

the FDTD performs averaging across discrete inhomogeneities- 5cm ands = & cm, respectively. The bistatic RCS is plotted

[15]. One could also employ conformal FDTD cells [18], buas a function of in a plane bisecting the center of the two

this is not considered here, as this would be difficult to implescatterers (Fig. 7), with the excitation in this plané;at = 45°.

ment for a general rough surface. As expected, as the size of the hill diminishes, so do the scattered
The results in Fig. 8 correspond/fio= 8cm,d = 4cm,D = fields. Itis also clear that the differences between the MRTD and

16 cm,r = 16 cm, andl = 30 cm and the relative permittivity FDTD increase as the hill size diminishes, which is manifested
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Bistatic scattering as in Fig. 8, for the case= 3 cm. The MRTD
results are as in Fig. 8, but the FDTD results employ spatial sampling twice as

dense as Fig. 8. In particular, the scaling function has a widémd the FDTD
Fig. 8. Bistatic scattering from the target in Fig. 7, with parameétets$ cm,  cells have widthw/4, wherew = 2 cm. The “coarse” results correspond to
d = 4cm,D = 16 cm,r = 16 cm, andl = 30 cm, and the relative data from Fig. 8. (a) HH polarization and (b) VV polarization.
permittivity of the lossless targetés = 2.0. The soil is modeled as in Figs. 5
and 6, and results are presented{fce 3 cm,s = 5 cm, ands = 8 cm. The
plane-wave excitation is &t,. = 45°. The scaling function has a width and
the FDTD cells have widtly/ 2, wherew = 2 cm. (a) HH polarization and (b) IV. CONCLUSION
VV polarization.

In this paper, we have examined the analysis of three-dimen-
sional scattering via the MRTD method, with a Haar-wavelet
by the fact that, with the discretization level considered, the haékpansion. Comparisons have been made to data generated via
is not well represented via the FDTD. an MoM model [21] and to FDTD-generated data. Several ob-
In Fig. 9, we again consider the= 3 cm case but increase servations can be accrued from these initial studies. First, an ad-
the FDTD sample rate. In particular, the FDTD cell width is nowantage of the MRTD is manifested in its natural multigrid ca-
w/4, wherew is again the length of the Haar scaling functiongabilities. In particular, within the context of a Haar expansion,
We see that now the FDTD and MRTD results are in nearhggions in which wavelets are employed correspond to cubic
exact agreement for HH polarization and in closer agreemesaimpling at a higher density relative to where scaling functions
for VV polarization. For the case= 3 cm,k = 3in Fig. 8 and are used alone. A good example of where such a multiresolu-
k = 6in Fig. 9. As applied here, a uniform spatial samplingion scheme might appear salutary is for subsurface sensing.
has been used throughout the FDTD model, and therefore @ such a problem, one can often spatially sample the air re-
FDTD computations in Fig. 9 required 83% more CPU time thagion more coarsely than the soil, since the wavelength in air
the corresponding MRTD results with scaling-function width is typically much larger than that in the soil. However, new
A more detailed analysis of the benefits of MRTD for roughabsorbing-boundary conditions (ABCs), such as the perfectly
surface scattering is discussed in [16]. matched layer [19], [20], are so good that the ABC can be placed
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very close to the air—soil interface. Therefore, the air region[2]
constitutes a small fraction of the computational domain, real-
izing less computational benefit to a multiresolution analysis.
We found the same to be true of free-space scattering from a di-
electric sphere, for example, in which the PML ABC was again
placed very close to the target, minimizing the volume occu- [4]
pied in the computational domain by the surrounding air. Nev-
ertheless, there are problems for which such a multiscale anal;
ysis is appropriate, e.g.,multiple dielectric targets with relatively
large intertarget spacing. Moreover, if there is a large contrast
between a buried target and the surrounding soil, a multiresolul®
tion analysis may again be desirable.

In the examples considered here, in which the targets had
a curved surface that did not conform to the Cartesian FDTDI7]
or MRTD grid, the principal utility of MRTD was manifested
in the handling of general inhomogeneities. As discussed in[S]
Section II-B, for regions in the vicinity of discrete dielectric
contrasts, the MRTD difference equations are augmented by
matrices that account for the material medium. These matrice$®]
are easily computed (and stored) within the context of MRTD,
and it was demonstrated that in some examples this can le
to significant numerical savings vis-a-vis a traditional (simple)
FDTD analysis. In particular, in FDTD one typically samples
the computational domain uniformly in space, and thereforé!!l
the computational complexity is dictated by the smallest scatter
to be discretized. It should be noted that conformal cells havg ;)
been introduced within the context of FDTD, which could also
be employed to handle local curvature [18]. Multigrid FDTD
schemes have also been addressed, although these typiceﬂﬂ?ﬂ
require significant care to assure numerical stability [12]-[14].

It is important to emphasize that the examples presented in4)
this paper, comparing FDTD and MRTD, handicapped the
FDTD scheme in that the simplest FDTD implementation
has been considered. In this context, we note that numerols”
improvements have been implemented in the FDTD, allowing
it to consider multigridding (as mentioned above) as well as
conformal meshes [23]-[25].

We have undertaken an initial investigation of the utility of [
MRTD for three-dimensional scattering problems, employing
Haar wavelets. There are many issues that deserve furthgs)
study. In particular, one of the principal advantages of MRTD
involves reduced numerical dispersion compared to FDTD, as-

: X 19]
suming that higher order wavelets are employed. For examplé,
the Battle-Lemarie wavelets have been demonstrated to yiefgl
markedly reduced numerical dispersion relative to FDTD [9],
although the integrals required for material inhomogeneity are
more complicated than with a Haar expansion. One can al
consider a biorthogonal wavelet expansion [10], which offers
advantages relative to orthogonal wavelets. Therefore, while @2
principal utility of MRTD, as investigated here, has centered
around the ability to handle general dielectric inhomogeneity[23]
to this advantage can be added reduced numerical dispersion
through use of more sophisticated wavelets. [24]

17]
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