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Finite-Difference Time-Domain Simulation of
Ground Penetrating Radar on Dispersive,
Inhomogeneous, and Conductive Soills
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Abstract—A three-dimensional (3-D) time-domain numerical At the operating frequency range (50—-1000 MHz) of ground

scheme fo(rjgir;]]ulation OfgfounC}: penﬁtrath:jg ra_darl (GP_R)don d_iZ'dpenetrating radar (GPR), soil materials can exhibit strongly
persive and innomogeneous solls with conductive loss Is describe H H : :
The finite-difference time-domain (FDTD) method is used to dispersive properties. For example, experimental data [1] show

discretize the partial differential equations for time stepping of that effective permittivity and effective conductivity of wet
the electromagnetic fields. The soil dispersion is modeled by mul- Soils can vary over 20% and by factors greater than two
titerm Lorentz and/or Debye models and incorporated into the at frequencies of 30 and 500 MHz, respectively. In such

(PLRC) technique. The dispersive soil parameters are obtained

by fitting the model to reported experimental data. The perfectly attenu_at_e Ina frequency-depgndent manner. Ther_efore, to have
matched layer (PML) is extended to match dispersive media @ realistic model of propagation of electromagnetic waves on
and used as an absorbing boundary condition to simulate an the lossy earth, it is prudent to include the effect of dispersion
open space. Examples are given to verify the numerical solution jn the media. Understanding of these effects is useful for the

and demonstrate its applications. The 3-D PML-PLRC-FDTD  onect interpretation of radargrams. For the model, either a
formulation facilitates the parallelization of the code. A version

of the code is written for a 32-processor system, and an almost Lorentz relaxation model or a Debye relaxation model will
linear speedup is observed. be assumed [9]-[11]. Both are causal models, so that the
Index Terms—Absorbing boundary conditions, dispersive me- Kramers—Kronlg .re?Ia.ltlons are qutomatlcally sansﬂgd. Because
dia, electromagnetic underground propagation, finite-difference ©Of this, the permittivity value will be complex, having both a
time-domain (FDTD) methods. frequency-dependent real and imaginary part. The imaginary
part can be thought of as frequency-dependent loss or con-
ductivity in addition to the static conductivity. Throughout
this paper, the term dispersion will refer to dispersion in
INEAR dispersive media are often encountered in nature sense of a Lorentz—Debye model (i.e., finite relaxation
such as in rocks, soils, ice, snow, or plasma [1]-[7limes), although, rigorously speaking, any media with static
In rocks and soils, dispersive phenomena can result frafgnductivity (infinite relaxation time) is already dispersive (in
dielectric relaxation in the media. This could be, for instancﬁ"e sense Of having a frequency_dependent response)_
a consequence of the geometrical effect of insulating rockThe amount of interest devoted to time-domain numerical
platelets immersed in a conductive host [6]. Moreover, fhethods to solve electromagnetic problems have been increas-
could be the result of the interaction of eIectromagneti‘:,g dramatically in recent years. This is due partly to its
fields with the double layer around colloidal suspensiong)nceptual simplicity and great flexibility to treat practical
in a saline solution [7]. When the permittivity varies as &roplems. Along with the continuous progress of the available
function of frequencies, the conductivity varies as a functiqth,mpytational resources, two recent algorithmic developments
of frequenmes,. as dlcFated by the causality requirement of the ihe finite-difference time-domain (FDTD) method make
Kramers—Kronig relations [8]. even more attractive the direct numerical simulation of the
time-domain electromagnetic field propagation in complex,
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treatment for the case of dispersive media with multiple poles in the physical and PML regions). The PML region is
in the susceptibility function, an important aspect for treatment  then simply defined as the region where the complex
of more complex media. A recently proposed extension of  stretching is enforced.
the RC technique [and demonstrated for one-dimensional2) Treatment of corner regions poses no special difficulty
(1-D) problems] is the piecewise-linear recursive convolution  since it just corresponds to regions where simultaneous
(PLRC) [17], which has an accuracy similar to the other stretching in different directions are enforced. Therefore,
approaches and retains the advantages of the RC approach. 2-D and 3-D simulations can be easily treated. To illus-
In this paper, we apply the PLRC technique to a three- trate this point, all of the equations in the formulation
dimensional (3-D) simulation. Since the PLRC islacal will be presented for a situation in which there are
modification on the update equations, there is no conceptual simultaneous stretching on all three directions. Cases
difference between the PLRC as applied to 1-D simulations  with stretching only along some of the coordinates are
and the PLRC for two-dimensional (2-D) and 3-D simulations.  just special cases of the equations presented with the
The second recent development in the FDTD method con- complex stretching variables on the remaining coordi-
sisted in the introduction of the perfectly matched layer nates set equal to unity.
(PML) as an absorbing boundary condition (ABC) [18]-[20] 3) It is particularly suited to be combined with the disper-
to simulate open space on a finite computational grid. Apart  sion modeling techniques based on recursive convolu-
from its numerical efficiency, one of the major advantages of  tion, such as the PLRC, thus providing easier treatment
the PML over the previously proposed ABC [21]-[24] is that of multiterm Lorentz or Debye models.
its absorption properties hold independently of the frequency4) Since the same set of equations is used both inside the
of the incident wave. Also, most previously proposed ABC's physical and PML regions (the physical region can be
are not suited for dispersive media because they require considered as a special case of a PML region with all
knowledge of the wave velocity near the grid boundary, a  complex stretching variables equal to unity), an easier
quantity that is not well defined in the time domain for parallelization of the code is made possible.

dispersive media. Another advantage of the PML is that it Some previous numerical simulations of GPR using the
preserves the nearest-neighbor-interaction characteristic of HISTD method or the closely related transmission-line matrix
FDTD method, making it ideally suited for implementation oqTLM) method were considered in [28]-[38]. In particular, the

a single-instruction multiple-data (SIMD) massively parallelecent 3-D analysis of [35] already included dispersion effects
computer. and a detailed modeling of the receiving and transmitting

However, the PML, as originally devised, also appliegntennas. However, no ABC was used to truncate the compu-

only to nondispersive media. In order to apply it for GPRational domain, so that unwanted reflections due to the grid
simulations in dispersive media, it is necessary to extefskmination were presented and had to be eliminated through
the PML to handle dispersive media. Very recently, the firglindowing the results in time (which required larger simula-
extensions of the PML to dispersive media for a 1-D PMkion domains) combined with a subtracting procedure (which
(single planar boundary) were considered in [25] and [26}equired multiple simulations). Also, the dispersion model
The extension proposed in [25] was based on the anisotropised was a simplified one in the sense that a low-frequency
PML formulation [27]. A single-term Lorentz media wasapproximation was used for the single-term Debye model.
considered. The dispersive modeling was implemented usingn this paper, the extension of the 3-D PML to dispersi\/e
the ADE approach, making it difficult to extend for medianedia outlined above is combined with the PLRC technique
with multiterm dispersion models. On the other hand, thf a unified numerical scheme to further enhance the accuracy
extension in [26] was based on a modification of the origingk FDTD simulations of electromagnetic wave propagation for
PML approach of Berenger [18], and, as a result, a differe@PR applications. Multiterm second-order Lorentz and first-
set of frequency-dependent constitutive parameters had todvger Debye dispersion models for the soils are explicitly
carefully derived for the PML media to achieve the perfegteated in this scheme. In the time-domain, the resultant 3-D
matching condition for the dispersive media at all frequencigspmL-PLRC-FDTD scheme is implemented based on a split
Moreover, this extension is dependent on the specific choiggm of Maxwell's equations. The dispersive soils model
of dispersion model being used (i.e., Lorentz, Drude, Debygarameters are obtained by curve-fitting reported experimental
etc.). Also, in [25] and [26], no indication is given on how tjata. Examples including the response of buried objects on
treat, using these approaches, the PML corner regions of Higpersive soils with conductive loss are given to verify
computational domain, which play a pivotal role in 2-D anghe numerical solutions and demonstrate its applications. To
3-D simulations. illustrate the suitability of the proposed numerical scheme
In contrast, this paper extends the PML to 3-D dispersi\g parallel simulations, a parallelized version of the code is
media by using the complex coordinate stretching approagkitten for a 32-processor system and is shown to have an
[20]. Some advantages of using this approach for dispersiygnost linear speedup.
media can be listed as follows.

1) There is no need to derive constitutive parameters for
the PML medium. This is because, to achieve the perfect It
matching condition in this approach, tsemeconstitu- The PML ABC can be related to a complex coordinate
tive parameters can be assumederywhere(i.e., both stretching in the frequency domain [20]. This complex stretch-

PML-FDTD FORMULATION OF DISPERSIVE MEDIA
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ing modifies the Maxwell's equations by adding additionahn N-species Lorentzian dispersive medium is characterized
degrees of freedom to achieve the reflectionless absorptlpna frequency-dependent relative permittivity function given
of the waves inside the PML region. In the time-domairhy
the electromagnetic fields components need to be split into (@) = cofem + ()]
subcomponents. This splitting generally doubles the memory i N )
requirements of an FDTD simulation. When conductive loss is = con + co(€s — co0) Z Gpwy (11)
added, this further increases the memory requirements because 0Fo0 THEOLEs T oo —~ w2 — 2way, — w?

of an added conductivity term in the PML equation. It will be ) . = o )

shown that the inclusion of dispersion further increases tHéerex(w) is the medium susceptibility,, is the resonant

memory requirements. frequency for thepth speciesq, is t_he corr(_aspo_ndent damp-
The modified Maxwell's equations in the complex coordil"d factor, andeo, ¢, are the static and infinite frequency
nate stretching PML formulation are [20] permittivities, respectively. In the time domain, a complex
susceptibility function [10] can be defined
VS x E=1wB (1) r r
V, x H=—iwD + oE ) X(O) = () = dype T () (12)
p=1 p=1

for a conductive medium and in the frequency domami¢* where
convention). In the above

. . . Bp =/ wi — o (13a)
Veo=2—0, +§— 0, +2—0. (3) W2Gp(es — €oo)
Sz Sy Sz p = " (13b)
2 _ A2
wheres,, s,, ands, are frequency-dependent complex stretch- Yp T %
ing variables. To facilitate the solution in the time domain, (1gnd
and (2) are usually split as follows: Lis
Y G, =1 (13c)
1 —
iwByy = — 0,2 X E (4) p=t
31”’ so that the time-domain susceptibility functionAs* [x(w)] =
—twDy, + 0B, =— 9,2 x H (5) x(t) = Re[x(t)] and e(t) = eoleacd(t) + x(¢)]. For a
Sz Debye model, the frequency-dependent permittivity function
where the same is repeated fprand » replacingz. is written as
By letting s, = a, + (2, /w), where a, and 2, are N A
frequency independent, the above becomes e(w) = €oleco + X(W)] = €060 + €0 Y ﬁ (14)
p=1 p
wazBsy — 2By In this formula, A, is the pole amplitude and,, is the
=02 xE (6) relaxation time for thepth species. Note that the complex

susceptibility function for the Debye relaxation model can
be considered as a special case of (12) whgr> w, and
= 0,2 x H. (7) Sm(B,) < 0. Hence, the expression (12) applies loth

_ models through a proper choice of parameters.
The variables?, anda, are the added degrees of freedom of The electric flux is related to the electric field via

the modified Maxwell’s equations. The varialdlg, > 0 in-

duces the reflectionless absorption of propagating modes inside D(t) = coeac E(t) + cox () * E(2). (15)
the PML, and the variable, > 1 enhances the attenuation

rate of evanescent waves, if they exist. In the physical domalsing (12) in (15), we have, for both models

Q. =0anda, = 1, so that the above equations reduce to the P
tlhs(:?ilml\/éagvc\)/;l:n(’ac\},\llj:t:)obrlz.inTransform|ng the above back into D(t) = cocos E(t) + <o Z Re[$, (1) * E(F)]. (16)

2,
_Il’wa/’I‘DG’I‘ + QTDW‘ + amOEsm + Z - aES.’L‘
w

p=1
—0:0iBor — 2By Whent = [A, and using a piecewise-linear approximation for
=0,z x E (8) the electric field in the time-discretization scheme, such that
t
aa;atDsa; + Qxsz + axaEsx + Qxa/ Esx("_) dr E(t) _ El + (t B lAt) (El+1 _ El) (17)
0 o A
— 9,4 x H. ©) '
(16) then becomes
In the above, for a dispersive medium, we Bf, = 1H,,
while i
D' = cocacE + 60 Y Re[Q)] (18)

Do (t) = e(t) * Eso(2). (10) p=1
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where

-1
Q;, — Z |:()A(?) _ CI?)EI—rn + CI?EI—rn—I:| e—(ap-l-i,ﬁp)nlAt'
m=0
(19)

In the above,f(g and é}? are constants, which depend on the

parameters of the particular model, given by

Ay
Xp = / Xp(t) dt
0

_ —(ap+iBp)As
=—+ 11— p TP 20a
ap +iBy [ ¢ } (202)
~ .At
0= / txp(t) dt
0
e (e i) A + 1]
Aoy + 1) e
x e~ (orFif) Ay, (20b)
Q; can be calculated recursively through
. 0, =0
Qp - (22 _ é}?)El + égEl—l + Q]lq—le—idpA,’ >0
(21)

wherew, = 5, — iq.
The above equations allow the computatiol¥fgiven E!
as the input. However, we would like to compiEé given D

1931

we will not discuss it here. The time discretization for them
is as follows:

o, (BEWD gL (/)

_Q BT/
At rsx
= 9,2 x B, (25)
Az (Dé-;l - Déx)

A, + QxDlS;tl + a,;JElS';l + JQQ,;FISQC

=9,% x H+(/2 (26)

whereF(¢t) = j'ot E(7)dr. Equation (25) can be easily rear-
ranged for time stepping
BH1/2)

= (ag + 20, [At(amge x E) — amBlS;(l/Q)} 27)

(A + Q0D 4 a,0AET!

= Ay(9,2 x HF/2) 4 0, D! — 0Q.AF . (28)

However, the left-hand side of (28) depends on dffi* and
EXt!, making it unsuitable for time stepping. To remove this

problem, we substitute (23) into the left-hand side of (28) so
that we have

[(az + QeA)Ao€o + axaAt]ElS';l
= Ay(9,8 x HFY/D) 4, D! — 0Q AF,

— (az + QAN E, +PL). (29)

as the input in an FDTD scheme, as we shall see later. To tifise above equation is now suitable for time stepping and

end, we substitute (21) into (18) to obtain

r r
D' =¢, <eoo + Z Re [)}2 - éﬂ)El + €0 Z %e[&S]EFl

p=1 p=1

r
+ €o Z Re [Qé)_le_i‘bPAt]

(22)
p=1
or that
D! = ¢o(ME' + M EFT 4 P (23)
where
r
M=ot > Re [;zg - cﬂ (243)
p=1
P ~
A=Y R[] (24b)
p=1
r
Pl =3 Re(QL e o) (24c)
p=1

depends only orQ}!.

IIl. TIME-STEPPING SCHEME

updatingE%t!. After BE/?) is updated and hendd’t®/?

is updated, it is used in (29) to updak{tl. On the right-
hand side of (29), the other pertinent quantities are updated
as follows:

D., =co(MEL, + ME + P (30a)

F., =F;' + ;(El, + ELY) A, (30b)

bow = (g — GOEL + GBI + Qe (300)
r

Pl =Y Re[Q] 7] (30d)
p=1

The above scheme is repeated forreplaced withy and

z. Hence, (27), (29), and (30) constitute the complete
PML-PLRC-FDTD updating scheme for the electromagnetic
fields. Note that, due to the use of a backward Euler's method
(forward difference in time) in the time-update scheme of (25)
and (26) and the neglect &t in (26) [which differs from

F! by O(A,)], the above scheme is only first-order accurate
in time. This is chosen mainly due to its simplicity and to
the fact that less arithmetic operations are required at each
time step. Another advantage is that this is a conditionally
stable scheme in the diffusion regime. If needed, a second-
order accurate scheme can be easily derived through parallel
lines, by employing, for example, a trapezoidal rule time-
update scheme (leapfrog scheme). However, this last scheme,

We need to devise a time-stepping scheme for (8) and ()hen combined with the central-differencing scheme in space
The space discretization is done according to the usual Ye®aracteristic of the FDTD method, is not stable anymore in
staggered-grid with central differencing scheme [39] so thtte diffusion regime [8].
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Storage is required forH,:, E., F. Qp s r . - :
p=1,---,P,{=1x,y,2 and since eachA, has two /
vector components, we need to stare8 + 6P°)N values
where N is the number of simulation nodes ard is the 40
number of species in the relaxation model. The added storage
cost of simulating a PML dispersive medium i &, while
the added cost of a PML conductive medium is to stor
F,¢, which is @V. A nondispersive, nonconductive PML
medium will require 1V storage as opposed to thevé
needed in the plain Yee scheme. Although (29) and (30§
seem to suggest the need to store the electric field at two .|
successive time steps, this can be avoided in the numericdal
algorithm by storing, at each time step, the electric field
at the previous time step in a temporary variable [17]. ~*°[
Therefore, the use of a piecewise-linear approximation (17) , ,
in the constitutive relatio(t) = «(t) * E(t) does not incur 0 >0 fims staps (d1=50.2 po) 200 250
additional storage requirements in comparison to a piecewise-
constant approximation. It should be pointed out that arbitra@ﬂ 1. Sommerfeld solution (solid line) versus PML-FDTD solution using

- . . . C (dotted line) and PLRC (dashed line) for an infinitesimal vertical electric
susceptlblllty functions can, in prlnC|pIe, be modeled as d'i‘pole radiating on top of a dispersive half-space modeled by a two-species
sum of Lorentz and/or Debye terms. This can be done, e.gepye model. The PLRC approach presents a better agreement against the
by first evaluating the dielectric permittivity and the effectiv@seudoanalytical Sommerfeld solution.
conductivity for various frequencies and then curve fitting
the result by a meromorphic function expanded as a partial TABLE |
fraction expansion [40] with (possibly) single poles (Debye DeBYE-MODEL PARAMETERS OF THE PUERTO Rico-TYPE CLAY LOAMS

n
o
T

d - x comp@hent (U@

=]

terms), complex conjugate poles (Lorentz terms), and a pole moisturc [e., [o(mS/m) [A;, [ 4, T 7(nsec) | my(nsec)
. . . C7 5 B v
at w, = 0 (static conductivity term), plus a constant term  257% __3.20 | .397 075 10.30 }2.71 0.108
. e L o 5% 415 [1.11 1.80 [0.60 [3.79 0.151
standing for the permittivity at infinite frequency. This will 0% 6.00 12.00 275 |0.75 13.98 09EL

be illustrated in the next section.

IV. NUMERICAL SIMULATION RESULTS

An FDTD code has been written using the formulation of [

previous sections. A PML medium is assumed everywhere s@
that the code can be easily parallelized, allowing operation irg
the SIMD (single-instruction multiple-data) mode.

To first validate the formulation, the results from the FDTD
simulation for a homogeneous dispersive half-space proble
with conductive loss are compared against a pseudoanalytic
solution. The pseudoanalytical solution is obtained by first nu-
merically integrating the frequency-domain Sommerfeld inte-&*
grals of the half-space problem for many excitation frequencies
[8]. The result is then multiplied by the spectrum of the source 3
pulse and, subsequently, inverse Fourier transformed to yield

7

lvadielectric [

5

Bkt

o
]
2
5
5]

1 L L i L

the time-domain solution. Fig. 1 compares the results for the % 700 200 200 400 500 600 700 800 900 1000
FDTD simulation using both the PML-RC (piecewise-constant Frequency (mfz)

electric field) approach and the PML-PLRC (piecewise-line&fg. 2. Dielectric permittivity of the Puerto Rico type of clay loams versus
electric field) in a dispersive half-space against this pseud_tf.quency [1]. The solid lines indicate the experimental data, and the dashed

L

s indicate the model-fitting data. The numbers indicate the content of

analytical solution. The half-space dispersion parameters %.? ture.

obtained by fitting a two-specie$’(= 2) Debye model [33] to

the experimental data reported by Hipp [1] for the Puerto Rico

type of claim loams, as given in Table I. The experimental arifie pulse vanishes completely after a time peffoet 1.55/ f..
model data are plotted in Figs. 2 and 3. As seen, the model d&t central frequency is gt = 200 MHz. Note that with this

fit the experimental data reasonably well. The specific curfi@quency of operation (typical of GPR applications) and with
taken for the comparison of Fig. 1 is the 5% moisture contefite relaxation times presented in Table I, we haye, > 1,
case with the model parameters given in Table |. The PMiO that it is not possible to use a low-frequency approximation
for this example is set with ten layers with a quadratic tap&r the Debye model. The half-space occupies 60% of the
[18]-[20]. The source pulse is the first derivative of a slightlyertical height of the cubic simulation region. The simulation
different version of the Blackmann—Harris pulse [41] so tha done with a/V, x IV, x N, = 50 x 50 x 50 grid with
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Fig. 3. Same as Fig. 2, except for the effective conductivity.

Fig. 4. Common-source configuration of the GPR. See text for details.
a space discretization sizA, = 5.86 cm and a time step

A, = 90.2 ps. Assuming that the origin is at a corner of _ i i L
the cube, the source is a vertical electric dipajedifected) considered are just point electric dipoles. For an example on a

located at(z, y, ) = (25, 35, 25)A, and thex-component direct incorporation of a more realistic antenna modeling using
of the electric field is sarr’1ple’d &k, y, 2) = (15, 25, 25)A.. the FDTD scheme, refer to the approaches described in [34]

The field is deliberately sampled inside the half-space so tt#td [35], where bowtie antennas are considered. Alternatively,
it is more sensitive to its dispersive properties. we can also incorporate aperture antennas directly in the model

The results show an agreement between the formulations PhUsing an array of equivalent point dipoles positioned on the
particular, this figure illustrates the improvement in accurad@ntenna aperture, with the strength parameters (weights) of

by using the PLRC against the RC scheme. Also, no noticeaRCh dipole being determined by a calibration procedure [38].
reflection due to the grid termination is present. For these examples, the source pulse used is again a deriva-

In what follows, a series of examples of the numericdlve Of the Blackmann—Harris pulse centered at 200 MHz. The

simulation of the GPR response of a pipeline buried on thaVIL absorbing boundary condition is set with ten PML with a
Puerto Rico type of claim loams with different moisturdluadratic taper increasing from the physical domain interface
contents will be presented. The pipe is either metallic épward the grid ends.

plastic, buried 2 m deep, and has a diameter of 6 in. BothFig. 5(@)—(c) compare the numerical simulation, with and
the transmitter and receiver dipoles are parallel to the meYgfhout dispersion included, of the common-source radar
pipe. Note that this is a 23 problem [30]; i.e., there is traces for a metal pipés = 10°) in soils with 2.5, 5, and
invariance of the geometry in one direction (meaning thk0% of moisture. The model parameters for the simulation
inhomogeneity is 2-D), but the field distribution is 3-D due tdVith dispersion are taken from Table I, and the constitutive
the source configuration. In this kind of problems, we can tai@rameters of the simulation without dispersion are taken
advantage of thepatialinvariance in one dimension and applyfrom Figs. 2 and 3 at the center frequency of 200 MHz. The
a Fourier transformation in that direction to eliminate one gmulated traces are normalized to the maximum field value
the spatial derivatives in Maxwell’s equations. This allows at the receiver for each receiver position. From Fig. 5 (a)—(c),
properly modified 2-D FDTD scheme to solve the full-wavave first note that, for increased moisture content, the simulated
3-D problem [30], [33]. In our simulations, however, it will beecho appears later and is subjected to a stronger attenuation,
solved using the full 3-D code. The simulation is done with & agreement with Figs. 2 and 3, where it is seen that both
N, x N, x N, =80 x 70 x 40 grid. The space discretizationthe effective conductivity and the effective dielectric constant
is A, = 0.05 m, and the time step i&\, = 77.0 ps. The increases with increasing moisture contents.

air—ground interface is located gt= 55A,. The pipe points  To better illustrate the effects of the dispersion on the
in the z direction and is centered ét, v) = (35, 15)A,. The reflected pulse, Fig. 6(a)—(c) single out a view of the simulated
transmitter and receiver are located just above the ground. Ttaces obtained with the simulation with and without dispersion
transmitter is fixed atx, y, z) = (15, 57, 25)A4, and the re- [same cases of Fig. 5(a)—(c)] at a specific offset of 2.0 m.
ceiver moves in a straight line in thedirection (perpendicular Despite the insignificant differences on the first arrival times, it
to the pipe), from the pointz, ¥, z) = (17, 57, 25)A, to the is seen that the dispersion may distort the pulse shape against
point (z, ¥, z) = (65, 57, 25)A, so that the source-receiverthe nondispersive simulation. For example, in Fig. 6(a), the
offset varies from 0.1 to 2.5 m. Fig. 4 illustrates this commoneflected pulse in the presence of dispersion becomes less
source configuration. Since the emphasis is on the wasymmetric with respect to its main lobe than in the simulation
propagation modeling aspect, both the transmitter and receiwéthout dispersion.
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Fig. 5. Simulation of the radar traces (common-source configuration), ca§
culated with and without dispersion, of a metal pipe on a soil with: (a) 2.5%, o5 1
(b) 5.0%, and (c) 10.0% of moisture. The dielectric constant and conductivity o )
for the simulation without dispersion are picked from Figs. 2 and 3 at the ~ with dispersion
central frequency of 200 MHz. Increased moisture contents tend to slow and 7 without dispersion
increase the attenuation of the reflected pulse from the pipe. -1r o 1
. . o 0 5 10 15 20 2'5_ 30 3 a0 45 50
Fig. 7 presents the simulated radar traces of a plastic pipe two-way time (ns)
(e~ = 2,0 = 0) on a soil with 2.5% of moisture, with (©)

dispersion modeling included and model parameters taken

. . . . . . . Fig. 6. Radar trace simulation taken from Fig. 5(a)—(c) at an offset of 2.0 m,
from Table I, against a simulation without d|sperS|on Wltlgalculated with and without dispersion, in soils with: (a) 2.5%, (b) 5.0%, and

constitutive parameters taken from Figs. 2 and 3 at 200 MHg) 10.0% of moisture.
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lated with and without dispersion, of a plastic pipe on a soil with 2.5%
moisture. The dielectric constant and conductivity for the simulation with
dispersion are picked from Figs. 2 and 3 at the central frequency of 200 M
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ig. 9. Speed of the code as a function of the number of processors on a
2-processor SGI R10000 machine. The problem size i 8D x 50. An

%most linear speedup is observed up to 12 active processors, but performance

teriorates for this problem size as the number of processors further increases.

Due to the less-reflective nature of the plastic material, the reflected trace is

less visible.
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Fig. 8. Radar trace simulation taken from Fig. 7 at an offset of 2.0
calculated with and without dispersion.

is defined as the inverse of the real CPU time on an empty
machine (single-user). The problem size is’>6®0 x 50. An
almost linear speedup to 12 processors is observed. For this
problem size, not much more speedup past 12—-15 processors
is expected due to the communication overhead and load im-
balance between the processors. However, for larger problems
sizes, increased speedup can be expected with a larger number
of active processors.

V. CONCLUSIONS

A 3-D FDTD numerical simulation of the GPR response
on dispersive media with conductive loss is described. The
dispersive effect is modeled by a multiterm Lorentz and/or
Debye model. The electric field convolution is implemented
by the PLRC. The PML is extended to match dispersive
media and used as an absorbing boundary condition. By a
proper choice of the parameters, the media can exhibit the
dispersive effects observed in some soils and rocks. The 3-D

ML-PLRC-FDTD numerical simulations with buried metal

and plastic pipes buried on dispersive soils show that the

. . L reflected pulse (and, hence, the GPR response) can be affected
The geometry is the same as in the metallic pipe exampl§y, gispersive effects. In addition to its inherent numerical

Due to the Iess_-reflective nature of the plastic material, ”é?ricacy, the use of the PML allows the easy parallelization
reflected trace is now much weaker. of the code. However, the use of the PML and dispersive
_Fig. 8 singles out the simulated response of the plasfita iz modeling comes with the added cost of more memory
pipe response taken at an offset of 2 m for the dispersiyg, irements and computational time. A version of the code

and nondispersive cases. The difference between the reflegied naralleled and shown to have an almost linear speedup.
pulses for the dispersive and nondispersive cases is less

apparent than in the metallic case.

It should be emphasized that the above observations are
made based on the specific choice of the nondispersive soil pafhe authors acknowledge the reviewers for their useful
rameters and on the kind of soil and buried object considerestiggestions regarding this paper. Part of the computer time
The details may vary for different choices of the paramevas provided by the National Center for Supercomputing
ters and soils. It is not the intention here to exhaust theAgplications, University of lllinois.
scenarios.

A version of the code has been parallelized to run on a
32-processor SGI R10000. Fig. 9 shows the speed of the co . . ) i

. . . . . 1] J. E. Hipp, “Soil electromagnetic parameters as functions of frequency,
(runn'ng a.two-spemes dISperSIVe mOdeD for 1000 time ste soil density, and soil moistureProc. IEEE,vol. 62, pp. 98-103, Jan.
as a function of the number of active processors. The speed 1974.
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