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Optimization of the Transmitter—Receiver Separation
In the Ground-Penetrating Radar

Levent Girel Senior Member, IEEEgnd Wur Qjuz

Abstract—The finite-difference time-domain method is applied . r
to simulate three-dimensional subsurface-scattering problems, emmTT— o :
involving a ground-penetrating-radar (GPR) model consisting of i R = d
two transmitters and a receiver. The receiving antenna is located A il s P
in the middle of the two identical transmitters, which are fed / S ’7 S ' e v
180° out of phase. This configuration implies the existence of / Y RadarUnit 5| 1 7 b
a symmetry plane in the middle of two transmitters and the | N T

cancellation of the direct signals coupled from the transmitters

at the receiver location. The antenna polarizations and their L GPRI

separations are arbitrary. The transmitter—receiver-transmitter

configured GPR model is optimized in terms of the scattered ) N - - ‘ __________ .

energy observed at the receiver by varying the antenna separation. s .
R et —~ PRSI PSS SR -7

Many simulation results are used to demonstrate the effects of the s S

antenna separation and the optimal separation encountered for a !
specific target and GPR scenario.

{

N

Index Terms—Finite-difference time-domain (FDTD) method,
ground-penetrating radar (GPR), perfectly matched layer (PML),
subsurface scattering. Commeneeooes Aot ST P

Fig. 1. Geometry of a half-space problem with a buried scatterer. A radar unit
|. INTRODUCTION travels over the interface at a fixed elevation. The four TRT-configured GPR

HE finite-difference time-domain (FDTD) [4] method hagnodels, GPR1, GPR2, GPR3, and GPR4 are also depicted. These four GPR

been one of the most popular techniques for the Simulrg9dels differ in the alignment and polarizations of the three antennas.
tions of ground-penetrating-radar (GPR) problems [1]-[3]. The
FDTD method has the power of solving problems involving Tl R Tz
arbitrarily layered media containing arbitrary inhomogeneities.
Hence, the method has been preferred for GPR simulations
among all differential- and integral-equation-based numerical G G
modeling techniques [5]-[20]. / \

In this paper, the power of the three-dimensional (3-D)
FDTD method together with the perfectly matched layer S1 S
(PML) [21]-[26] absorbing boundary condition is employed
to investigate the behavior of a specific GPR configuration.
The elements of the GPR problem, as modeled in this study,
are depicted in Fig. 1, where the radar unit travels along a
linear path above a section of the ground that contains oner@. 2. Basic TRT configuration of the radar unit and the definition of the direct
possibly more embedded scatterers. The ground is mode{BeandD2), reflected ¢, andG), and scattered; ands.) signals.
as a homogeneous dielectric half space, the air is modeled as _ ) ) _
vacuum, and the buried targets are modeled by conductiﬁéormat'on received from the target. In this paper, the radar unit
disks. The disk geometries are accurately modeled usif@nSists of two identical transm_itting dipoles, model_eq by single
contour-path algorithms [16]. cells of constant current density [17], and a receiving probe.

A contemporary method to improve the detection of a subp a typical GPR unit employing a transmitter and a receiver,
surface target is to employ GPR configurations with multiplg‘e total signal collected by the receiver contains not only the

components [27] for the purpose of enriching the content of thigsired scattered signal due to the buried object, but also the
direct signal, i.e., the incident field, due to the direct coupling

. . . _ frﬁm the transmitter to the receiver. Usually, the direct signal is
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cating the receiverf) on the symmetry plane implies an ob- m
served signal totally free of the direct coupling from the tran:

mitters. The coupling from the two transmittef; and D- % ZZ‘ —
cancel each other at the receiver, and moreover, if the grot ¢ *° Z < 10‘
is homogeneous and the ground-air interface is uniform, t? E&\\/—s——— g . '
i : — AN Y ————
two reflected signalé&’; andG5 also cancel out at the receiver. 5 = P ,
: it i : . §-10 T -10 A
Even in more realistic situations, where such ideal total canc« € —
lations are not possible [18], [19], [28], the TRT configuratiol - m— — — —— =
. . . . — 30 ——— =30 [r—R
is still a powerful way to enhance the detection of buried targe e—— —_—
by removing or decreasing the amplitudes of large undesir ¢ 5 100 150 200 250 ‘400 50 100 150 200 250
(“noise”) signals. Due to its potential, the TRT-configured GP! . Time Steps Time Steps
[12]-[15] is a subject of further investigation and development. @ (b)
In this paper, we demonstrate that the detection performar E,=2275 E, 1567
of the TRT-configured GPRs can be significantly improved b 4o — py————

optimizing their configuration parameters. In order to suppc 3o
the views presented in this paper, we supply simulation resul 20
which also provide insight to the mechanisms of subsurfazg 10
scattering and the working principles of GPRs. A sufficient, bi& o
modest, amount of results are included here for length consid;% -10

Radar Position
o

i

|
ations. More results are available in [14]. Furthermore, aninve -20 =
tigation of the TRT-configured GPRs over randomly heterog: -3 -30 ————
neous grounds and ground—air interfaces with surface roughn  -4of -40 g
is also carried out, and the results are reported elsewhere [1 oI séff; 200 =0 ° % e séf)g 200 =0
The organization of this paper is as follows. Section Il de- © )

scribes the common simulation parameters and the basic sce- _ _ . - .

. L ig. 3. Simulation results of a perfectly conducting disk, which is buried
nario used to demonstrate the effects of the polarization and §¥ ¢ under the ground, obtained with (a) GPR1, (b) GPR2, (¢) GPR3, and
separation of the antennas in a GPR problem. In Section kd) GPR4. The ground model has a relative permittivitye@fua = 2, the
the improvement in the performance of a GPR with increasir’@dius and the height of the disk are 2.5 and 4 cm, respectively.
antenna separation is demonstrated by many simulation results.

Section IV argues that an optimum value of antenna separatiorthe other three models. Second, the responses of GPR2 and
exists for a specific GPR scenario, and supports this argum&RR4 are similar to each other in the sense that they receive
with additional simulation results. Section V describes the physinimum scattered fields when their receivers are close to the
ical reasons of the observed phenomena in many GPR resaéster of mass of the conducting disk, while the opposite is true
by investigating the Poynting vectors both above and under tfie GPR1 and GPR3. Moreover, GPR2 produces a visible re-
ground. Finally, Section VI verifies the explanations in the presponse even when it is far from the target, while GPR1 produces
vious section by the help of some additional simulation results localized response.
which display the near-field patterns of various GPR units. In all simulations, with results presented in Fig. 3 and all
through the paper, the transmitting dipoles are modeled as
single-cell constant current densities excited by a smooth pulse.
The time dependence of this pulse is given by

Four GPR models, which differ from each other in the po-
larization and alignment of the three antennas [13], are used J(t) = |4 (dnfot)® — (4 fot)*]| e~ 2 S0t (1)
to simulate the scenarios presented in this paper. Fig. 1 dis-
plays these four models referred to as GPR1, GPR2, Gpwerefo is the center frequency of the pu|se, afd At are
and GPR4. GPR1 and GPR2 contain horizontally polarized afe spatial and temporal sampling periods, respectively. Due to
tennas, whereas GPR3 and GPR4 consist of vertically polarizBé constant current density character of the transmitters, the
antennas. In GPR1 and GPR3, all the antennas are aligned p@bve expression should be divided by a factanéfto obtain
pendicular to the linear path along which the GPR travels. Tge correct amount of total current [17]. Then, this current term
configurations of GPR2 and GPR4 are designed such that tenserted into the discretized version of the scalar Maxwell’'s
antennas are aligned in the direction of the GPR path. equations at the transmitter location. As an example, the scalar

The different alignments and polarizations of GPR modefaxwell’s equation and its discretized form governing the elec-
yield variation of the results on an otherwise fixed scenarigic-field component in the: direction are given by

Il. SIMULATION PARAMETERS

Fig. 3 displays four simulation results for a buried conducting

disk, obtained with the four TRT-configured GPR models. The 0E, _1(0H. 0H, oE. —J )
physical distance between the receiver and each of the transmit- ot e\ 9y 0z co

ters is set as 5 mm for all four GPR models. Investigation @i

Fig. 3(a)—(d) reveals many specific features of the GPR mode|s,., (19, j x,. _ 2¢ — 0At Fi+(1/2) k=1 _ 2At

First, GPR1 collects the maximum scattered fields compared 2¢e+ oAt * A(2¢ 4+ o At)
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) (Hi+(l/2),j, k+(1/2),n—(1/2) Max Energy = 2.33 x 10° Max Energy = 9.27 x 10°

_ gi+(1/2),5,k=(1/2),n-(1/2) : et
v ) 0.8 " s /" :
_ gi+(1/2),54+(1/2), k,n—(1/2) 306 I;“\ /I'”‘\\
Z 204
+ Hi+(1/2)7j—(1/2)7k7n—(1/2)) Yoz :““\M"““\\“\\
: o = NS
2At ) . N 10
4+ 220 gi+(/2),4,kn=(1/2) ©) SIS0
(2¢ + cAL) ¥ X -10 -10 Oy
wherei, j, k are the Yee-cell [4] indexes in, y, andz direc- @ (b)

tions, respectively, and is the time index of the corresponding Max Energy = 33.88 x 10° Max Energy = 96.21 x 10°
discrete field variable. For brevity, expressions for the other fie SR :
components are not given here. 1

| . - . . - 08 R 0.8 N ‘i\\ s

n the simulations with results given in Fig. &, A, andAt 356 /;0\\ /'““ » 306 I;' /I"“\

are setas 1 GHz, 2.5 mm, and 4.5 ps, respectively. However,g 04 //,““\\\//II"““\ . goat //[‘0“\\ //Il'“ﬁ\\ ‘-

other results presented throughout this paper are obtained 4 % ‘“\'(,"‘2"}“ ' 02 __.,.,//{{:,:‘\‘&‘\v@" :

center frequency of 500 MHz and with = 5 mm, At = 9 ps. 10 5 Q ‘:“ 10 10 St “’ 10
The receiver is implemented as a small probe, which sal X—5_10_10 —5Y° X _1 10 YO

ples and stores the y, or z component of the electric field at a © d
specific Yee cell. The polarization of the receiving probe is the

same as the transmitting dipoles. A set of observations of t ig. 4. C-scan results of a conducting disk, buried 5 cm under the ground. The
) R unit consists of horizontally polarized antennas, which can simultaneously

receiver at a stationary point for Sl_«lcceSSive inStantS of timepi§del both GPR1 and GPR2. The T-R separation is varied from (a) 0.5 cm to
called an A-scan. A B-scan is obtained by performing repeaté1 cm, (c) 2 cm, and (d) 4 cm.

A-scan measurements at discrete points on a linear path. Finally,
a C-scan is a collection of the results of multiple B-scan me~
surements, i.e., A-scan observations made on a two-dimensic

Max Energy = 6.92 x 10° Max Energy = 2.67 x 10°

(2-D) grid above the ground-air interface [1]. 1 1 AN
. . . . 4
In all of thg S|m.ulat|o.ns of the folloyvlng sections, thg targe 582 AN 4 N\ 582 /{i__ //////;:0:0’ N
is a conducting disk with 2.5 cm radius and 4 cm height, arg o4{ ZEXENANXE 2oaf "\‘o\k‘\\g;//llllm%‘ \
buried 5 cm under the ground-air interface. 02 Y ’0,0&8& 02173 “‘3}‘&‘&{"}:’6‘ =
10 \<:."“ 5“ 10 10 “}}Q&(’fg{{,’gff’ 5 10
0 0
lll. 'V ARIATION OF THE T—R SEPARATION X 10 -10 "y X =10 10 Oy

In the previous section, the GPR models contained transmit- (a) (b)

ting and receiving antennas separated by 5 mm. In this secti~~

keeping all of the other simulation parameters fixed, this a

tenna separation will be modified, and the effect of this variatic 1, /ii\ ~ 1 SN\
on the detectability of the buried target will be demonstrated. %% &\ AN~ sl A AN
he dete y get wil X g dis 20| LONATEN . Bl NN
Fig. 4 displays the C-scan results of this conducting disg 04 ’,;;‘;.‘\\‘\0“3\\,;/////"'0'%‘:& 204 "‘“’t““\‘\"W/II ""0‘\ 2\
obtained with four GPR models, all of which contain horizon %?[” ""‘““«\s‘*;\-’{,m\ 02 “\'\“‘\‘S\é\\!!."'"::‘:‘:‘
tally polarized antennas but with different separations. The G 10 5 SN ~ 10 0y > SNLL— 14
models are moved on a 2-D grid and at each A-scan meast ° s -5 0 -5 50
X =10 -10 7y X =10 -10 "y

ment, the scattered energy is computed as © (d)

_ n|2
Energy = Z |E | (4) Fig.5. C-scan results of a conducting disk, buried 5 cm under the ground. The
n GPR unit consists of vertically polarized antennas, which can simultaneously

whereE" is nth time sample of the corresponding electric-fiel@hodel both GPR3 and GPR4. The T-R separation is varied from (a) 0.5 cm to
variable at that A-scan location. It should be noted that, sin&bé 1 em, (¢) 2 em, and (d) 4 cm.
the radar units move in two directions, results displayed in Fig. 4
encompass the C-scan measurements of both GPR1 and GBREh, respectively. Each constanfpath of the C-scan results
models. Similarly, Fig. 5 displays the C-scan results of both of Fig. 4(a)—(d) denote a B-scan observation made by GPR2.
the GPR models with vertically polarized antennas, i.e., GPRmilarly, each constanj-path gives a B-scan result of GPR1.
and GPRA4. Keeping these features of the C-scan images in mind, careful
In Fig. 4(a)—(d), the separations of the two transmitters are sevestigation of Fig. 4(a)—(d) reveals that GPR1 and GPR2 pro-
lected as 1, 2, 4, and 8 cm, respectively. Therefore, the receidrrce B-scan results that vary differently as the position of the
which is located exactly in the middle of the two transmitters, target changes with respect to the observation path. GPR1 col-
0.5, 1, 2, and 4 cm far from the transmitters in Fig. 4(a), (b), (dgcts minimum energy when it travels along a path with a pro-
and (d), respectively. Similarly, Fig. 5(a)—(d), which displays thiection going through the center of the disk, whereas a max-
C-scan results of both GPR3 and GPR4 models, present the simdam is encountered for GPR2 on the same path. Fig. 5 proves
ulation results obtained with T-R separation set as 0.5, 1, 2, ahdt the same character also holds for GPR3 and GPR4, i.e., on
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the path whose projection passes through the center of the ¢
ducting disk, GPR3 collects minimum and GPR4 collects ma
imum amount of energy. Note that GPR1 and GPR3 have simi
symmetry properties with respect to the buried target. The sa
holds for GPR2 and GPRA4.

A more important conclusion revealed from Figs. 4 and 5
that, for all GPR models, larger amounts of scattered ener
are observed on the receiver as the T-R separation increa
Displayed above each of the C-scan plots in Figs. 4(a)—(d) a
5(a)—(d) is the maximum received energy of the correspondi
C-scan measurement. Comparison of Fig. 4(a) to (d) reveals

Energy _ =65.9 x10°

max

o . : i
-30 -24 -18 -12 -6
Radar Position (cm)

Energymax =129.3x10°

365

Energy =169 x10°

max

(6]

0 ) .
-30 -24 -18 -12 -6
Radar Position (cm)

Energymax =237 x10°

maximum observed energy is raised by almost two orders 190 —— : * [T-R] =6 cm
magnitude by increasing the T-R separation from 0.5to0 4 ¢ /\ sobii N\
A similar increase is demonstrated by Fig. 5(a) and (d) forve 3'®| 5

tically polarized GPR3 and GPR4 models. The increase of t & & S

T-R separation notonly increases the received energy levels, %] e AR
also alters the characteristics of the C-scan plots. The reason:

o : :
-30 -24 -18 -12 -6 0
Radar Position

this alteration will be investigated and explained in Section Vi %o 2i 8 2 6 o

detail Radar Position
6
Energy, ,, = 111.2x10° Energy q, = 24.7 x10
30
150 - "
IV. OPTIMIZATION OF THE T—R SEPARATION [FA=gom ] [T-R[=9om
In the pre\/ious section, increasing the T-R Separation al ,.100 R EEIE ERRRR SR ) O 320 ........................
increased the observed scattered energy at the receiver loca § o Do
However, in those simulations, the maximum T—R separatic* sof =i i\ 10f e
was 4 cm. Since the received scattered energy is likely to ¢ Y A : : : ‘
crease to zero as the T—-R separation approaches infinity, i o ' I 0 : e
: -30 -24 -18 -12 -6 0 -30 -24 -18 -12 -6 0

apparent that an optimum value should be encountered as Radar Position (cm) Radar Position (cm)
transmitters and the receiver are taken further away from ee . s
other Energymax =78.7x10 Energymax =20.7 x10

In order to demonstrate the existence of this optimum ai % ; ' *
to find its value, a number of simulations are carried out wit 60— EEEEEEE AR A
models GPR2 and GPR4. For GPR2 and GPRA4, the path go : : :
through the center of the target is known to produce the me o :
imum scattered energy, as demonstrated in Figs. 4 and 5 20f - e i
Section 1ll. Similar simulations are not repeated with GPR S
and GPR3 since they have exactly the same maximum ene
values. In these simulations, the T-R separation of the Gl
models are changed from 1 cmto 16 cmin 1-cm steps. Fig. 6 (a) (b)
displays the simulation results of the same conducting disk, ou-

tained with GPR2 models consisting of horizontally-polarized S o
antennas with 3, 6,9, and 12 cm TR separations. The sinjs &, Brscan eneroy il of & conducing i, The 108 sepaation '
lation results obtained with other separation values are not pre-

sented here for brevity.

In Fig. 6(a), the horizontal axis denotes the displacementfégular value of the T-R separation, the B-scan results obtained
the receiver from the center of the conducting disk, and the v&¥ith GPR4 display two local maxima in a single measurement,
tical axis denotes the total received energy in that A-scan ma¢iereas GPR2 always contains one local maximum. The expla-
surement. Fig. 6(a) demonstrates the existence of an optimogiion of these two maxima, or in other words, a minimum in the
value, since the maximum received energy increases until fhéddle, encountered by GPR4 will be given in the next section.
6 cm value of the T-R separation, and then decreases monof=ig. 7 displays the maximum received-energy values of GPR2
onously for values 9 and 12 cm. A similar conclusion can kend GPR4 with respect to the T-R separation. These results are
drawn from Fig. 6(b), which is obtained with GPR4. The reebtained by combining the results of the sixteen simulations
ceived energy reaches a maximum at 6-cm T—R separatiorpétrformed with each GPR unit. Therefore, Fig. 7 contains the
stays almost constant for 9 cm, and then slightly decreaseghed maximum received-energy values given in the titles of the
12-cm T-R separation value. Although both display some locgibplots of Fig. 6(a) and (b). Fig. 7 demonstrates that the re-
maxima, the responses of GPR2 and GPR4 to the increase@if/ed-energy levels start to decrease after a certain T-R sepa-
antenna separation are not exactly the same. This difference rtion value for both GPR2 and GPRA4. Fig. 7(a) and (b) demon-
be observed from the comparison of Fig. 6(a)—(b). After a pastrates that a T-R separation of 6 cm gives nearly optimum re-

[T-R[=12cm |:

20t - Pl ...... :

Energy

40t ...... ...... f

Energy

10 ez SRR

o ’ : : :
-30 -24 -18 -12 -6 0
Radar Position

0 : ’ :
-30 -24 -18 -12 -6 0
Radar Position
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@ (b) -16 X =" -16 —
—
P —
Fig. 7. Maximum received energy versus T-R separation. The B-scan ps -24 -24 P
are the same for each value of the T-R separation. The maximum ene —
observed in the B-scan is given for each T-R separation value. The GPR mc -320 200 200 500 —320 200 200 500
used is (a) GPR2 and (b) GPRA4. Time Steps Time Steps

(@ (b)
sults for b.Oth GPR2 and GPR4, and hence, can be regarded ﬁiﬁ.a& B-scan results of the conducting disk with (a) 1-cm-separated and
good choice for both models. (b) 16-cm-separated GPR4 models. The vertical axis denotes the radar position
All the simulation results given in this paper are obtained with terms of cell sizeA, whereA = 5 mm, and the horizontal axis denotes the
. time,stepsAt¢, whereAt = 9 ps.
the same scatterer buried at the same depth of the ground, and
the optimization is performed according to these scenario pa-
rameters. The optimum stretch between transmitters and them#rima at two A-scan points symmetric around the center of
ceiver antennas is subject to change when the parameters oftitlgeconducting disk, as displayed in Fig. 8(b). Such a minimum
simulated scenario, such as the depth or the radius of the cdoes not exist in Fig. 8(a), for the case of 1-cm T—R separation.
ducting disk, are altered. However, the rationale of the optimizA-more careful investigation of Fig. 8(b) reveals that the two

tion stays the same, and the choice of the T-R separation is stilhima are observed at the locations, where the transmitters of

effective on the observations. the GPR model are exactly above the center of the disk. In order
to further investigate the reasons for these minima, a series of
V. PHYSICAL INTERPRETATIONS OF THE simulations are performed with the TRT-configured GPR model
OBSERVED PHENOMENA of 12-cm T-R separation.

Fig. 9(a)—(d) displays the simulation results obtained at
i timized in t fh . ttered articular A-scan locations in a single B-scan measurement.
antennas are optimized in terms of the maximum scattere fining the position of the GPR unit as the position of the re-

ergdy gg;eivﬁ d at(;f;fe rectelver. Moreo:/ei,hlt IS S_h‘:_W” trﬁLG:_c iving probe, four A-scan measurements obtained with GPR4,
an ave difierent responses 1o the variation of € TwRicn are performed 0, 6, 12, and 18 cm far from the center of

) ) - buried target, are displayed in Fig. 9(a)—(d), respectively. In
single B-scan measurement as the transmitters and the recre]ﬂiIae ge piay 9. (2)-(d) ©sp y

are taken apart. In this section, the physical explanation of th
two peaks will be given. The same conducting disk is used

In Section IV, the positions of the transmitting and receivin

played on a particular plane, which is perpendicular to the
d trate th for this doubl ked ch : é?ound—air interface and contains the antennas and a vertical
emonstrate the reasons Tor this double-peaked Characler. oo of the scatterer. In order to obtain these scattered-field

Fig. 8(a) and (b) displays the B-scan simulation resul ; - : :
obtained with GPR4 of 1- and 16-cm T-R separations, resp%%ygg?gm\gcf;s’ the scattered fields of the GPR simulation

tively. The arrival times of the scattered signals are retarded as
the GPR model with 1-cm T—R separation travels away from ES—F _ E° (5)
the buried target, as depicted in Fig. 8(a). The same retardance HY—H — H ©)
cannot be observed in Fig. 8(b), for the GPR model with an-
tennas positioned 16 cm apart from each other. This differengfiere £ and '’ are the incident electric-field and magnetic-

is due to the variations in the length of the electromagnetic pafBid signals. These incident fields are extracted from the results
as the two GPR models travel. The electromagnetic path is {fean extra simulation, performed with a target-free homoge-

aggregate of individual paths from the transmitters to the targ@dous ground model. Then, the Poynting vectorg amdz di-
and from the target to the receiver. For closely spaced transmictions are calculated by

ting and receiving antennas, this total path varies rapidly as the

GPR unit travels. However, if the transmitters and the receiver P,=EH; - E; H; )]
are far from each other, the same amount of displacement of P.=E°H° — ESH® (8)
the radar unit does not affect this electromagnetic path at the v e

same rate. over a fixedy—z plane at every discrete time instant of the sim-

The retardance of the scattered signals as the GPR moukgion. The two component8, and P, constitute a vector on
away from the target is not the only difference between Fig. 8(dey—z plane and determine the direction and magnitude of the
and (b). The simulation results of the larger GPR model contaipswer flowing out of the scatterer.
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20
120At 120Af
40 60 80 100 40 60 100 40 60 80 100 40 60 100
(a) (b) (c) (d)

Fig. 9. Poynting vector plots of 12-cm-separated GPR4, which is located (a) exactly above and (b) at 6 cm away from the center of the conductingndjsk. Poy
vector plots of 12-cm-separated GPR4, located (c) 12 cm and (d) 18 cm away from the center of the conducting disk.

The sizes of the arrows presented in Fig. 9 do not indicdiee different time instants are displayed, in order to illustrate
the exact magnitudes of all Poynting vectors, and they are rtbé propagation of the waves.
all normalized by the same number. In order to illustrate the Fig. 9(a) presents the Poynting vectors recorded in the A-scan
differences between different A-scans and to be able to displaygasurement where the receiver is exactly above the center of
the waves scattering from the target, all arrows are multipliede buried disk. The five time instants displayed in this figure
by a function withr? variation, where- is the distance from a aret = 140At, t = 160At, t = 180At, t = 200At, and
given reference point. In the ground region, the reference point 220At. Fig. 9(a) demonstrates that a large amount of scat-
is set as the upper center of the conducting disk since the magned power reaches the receiving antenna. However, note that
reflection from the disk is due to its top face. In the air region, thtbe power incident on the receiver flows in thdirection. Since
reference point is the closest point of the ground-air interfatiee receiving probe of GPR4 samples and stores only tioen-
to the ground reference, i.e., the point on the interface with thenent of the electric field, and since the direction of power
samez andy coordinates as the center of the disk. Moreoveflow is perpendicular to the electric and magnetic fields, GPR4
in both regions, a small offset is added to the scaling factorsr@cords zero scattered signals at this A-scan measurement.
order to prevent multiplication by zero near the reference points.The next A-scan measurement shown is the case where the
Finally, since the Poynting vectors in the air region are vergceiver is 6 cm away from the center of the scatterer. Fig. 9(b)
small due to the transition from the dielectric medium to thdisplays the Poynting vectors observed at this position, where
vacuum, all the arrows in the air are multiplied by a factor of 2the target is in the middle of the receiver and one of the trans-
to make them visible. Therefore, denoting the reference poimstters. Fig. 9(b) demonstrates that the receiver collects a con-
in the ground and air regions a@;ﬁ’gf, 237 ) and (y;}gr, ;};’J;), siderable amount of power at this position. Since the power in-
the arrow plotted aty, ko) is related to the actual Poyntingcident on the receiver does not flow solely in thelirection,
vector at that point by the GPR unit records large scattered signals at this position. In
- - - fact, this A-scan position is the point that GPR4 collects max-
pP= [<y0 = Ylep)? + (20 — 270p)" + 0'01] P ©®  imum scattered energy. It is also possible to explain this max-
in the ground region, and by imum by specular reflection from the top face of the conducting
- disk since the angle of incidence (from one transmitter to the
P=20 [(yo B y,‘f;}) + (20 = z;f:,}) T 0'01] P (10) target) is equal togthe angle of reflefction (from the target to the
in the air region. Fig. 9(a)—(d) also depicts the antennas, ttexeiver) due to the symmetry of the receiver and one of the
ground-air interface, and the buried scatterer. For each A-scaansmitters with respect to the scatterer.
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Fig. 10. Poynting vector plots of 12-cm-separated GPR2, which is locategy. 11. Near-zone, y, =, and total-field patterns of (a) GPR2 and (b) GPRA4.
(a) 6 cm, and (b) 12 cm away from the center of the conducting disk. The T-R separation is 12 cm.

In Fig. 9(c), where one of the transmitters is exactly above VI. NEAR-FIELD RADIATION PATTERNS OFGPR WNITS

the center of the disk, the flow of scattered power back to the airThe reasoning stated in the previous section on the effects of
region is minimal. This minimum was also observed in the en- Y X

ergy diagrams of Fig. 6(b). The reason for this minimum is thytcreasing the T-R separation can also be observed from the

thez-polarized transmitting dipole radiates minimum powertdjear'fleld radiation patterns of the GPR models. Performing

ward its axis. Fig. 9(d) presents the Poynting vectors obsen/gffR simulations above a hom_og_eneogs ground model, i.e.,
when the center (receiver) of thepolarized radar unit is 18 cm ree of any scatterers, the el_ec_:trlc-ﬂeld S|gr_1als are rec_orded on
away from the center of the target. At this position, althougf Plane under the ground-air interface. This observation plane
the receiver is moved further away from the target comparedifo@lmost identical to the plane on which Poynting vectors
Fig. 9(c), the GPR receiver collects larger scattered energy. THgre displayed in the previous section. It is perpendicular to
is due to the larger radiation by the transmitter in the directidhe ground-air interface, and its extension contains the three
of the buried target. antennas of the GPR unit. In order to extract the patterns of
In order to further demonstrate that the polarization of tHée GPR models, the maximum values of the electric-field
transmitting dipole is the reason for observing less power Wariables are observed at each point on this plane by
Fig. 9(c) compared to Fig. 9(d), Fig. 10 displays the Poynting
vectors obtained at these two positions of the radar unit, only
this time GPR2 is used instead of GPR4. Fig. 10(a) displa . . . L . .
the results obtained when the target is in the middle of the é eren is the discretized time index. In this manner, four dif-

ceiver and a transmitter, while Fig. 10(b) displays the resufigrent pattern plots. can be obtained from a single simulation by
observed when one of the transmitters is above the center of @R§€rving the maximum values of they, and= components,
buried disk. Unlike the GPR4 scenario in Fig. 9(c), the Gpr3nd by cal<_:u|_at|ng the value of_the total_electrlc field there_from.
scenario with the same configuration does not result in mifhese radiation patterns are first obtained for TRT-configured
imum scattered (and received) energy. Fig. 10(a) and (b) reveé@RR models of 12-cm T-R separations. Fig. 11(a) and (b) dis-
that the distance to the target is the main factor that affects ays thez, y, z, and total-field patterns of GPR2 and GPR4,
scattered power recorded by GPR2. This feature is also demgggpectively. Fig. 11(a) demonstrates that the total-field pattern
strated by the B-scan energy diagrams shown in Fig. 6(a), whefé5PR2 is dominated by thecomponent of the electric field,
the received energy makes a single peak and monotonously glece the polarization of the transmitting dipoles are imjlak-
creases afterward, as the GPR unit is moved farther away froeetion. Additionally, there exists a null at the symmetry plane
the target. of they-component pattern of GPR2, as displayed in Fig. 11(a).

Fpax = max E™ (11)
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max ( E_)=682.1 V/m max ( E, )= 17020 V/m VII. CONCLUDING REMARKS

° Nl

In this paper, the GPR has been simulated with the 3-D FDTD
method. The ground is modeled as a homogeneous dielectric
medium and the air is modeled as vacuum. The buried target is
selected as a conducting disk with a particular radius, height,
and depth. The GPR is modeled by two identical transmitting
dipoles and a receiving probe in between. By using this TRT
configuration, the direct coupling from the transmitters to the
receiver has been eliminated. Four different TRT configurations
are used in the simulations presented in this paper.

In the TRT configuration, the separation between the an-

-20 -10 O 10 20
X

max { Ey ) = 16060 V/m

-20 -10 0 10 =20 -20 -10 0 10 20 tennas affects the amount of received scattered energy. In
X X previous work [13], closely spaced antennas were used. It is
max ( E, ) = 1090 V/m max ( E, ) = 17960 V/m demonstrated that increasing the antenna separation enhances

the reception of scattered fields by increasing the energy of
the scattered fields incident on the receiver. However, this
increase is not monotonic, and after a particular separation of
the antennas, which can be regarded as the optimum value, the

-20 -10 0 10 20 -20 -10 0 10 20 received energy starts to decrease rapidly.
X X For some GPR configurations, the search for an optimum
max { By ) = 16076 V/m max ( Eypy ) = 19612 Vim value of antenna separation peculiarly results in double peaks
0 instead of a single maximum that readily reveals the optimum
10 @ value. The reasons for these peculiarities are investigated by the
N . . .
20 use of Poynting vector plots obtained from the FDTD simula-
tions. By means of this powerful tool, it is observed that for
-20 -10 3 1020 one of the GPR models with vertically polarized antennas, the
transmitters apply a minimum of fields on the target when they
(a) (®) are above the scatterer. This phenomenon yields an unexpected

minimum in the B-scan results that is explained with the use of
Fig. 12. Near-zone, y, z, and total-field patterns of (a) GPR2 and (b) GPR4poynting-vector plots and near-field radiation patterns of GPRs.
The T-R separation is 3 cm. . . .
The results presented here are sufficient to prove the claims
and to explain the observations made in this paper. Nonetheless,
we present elsewhere [14] an extensive amount of useful results

Another noteworthy feature of this pattern is that the main lopi various formats, which are not included here for brevity.

has a single maximum, which explains the single peak in the cor-The optimization of the antenna separation is of major impor-
responding energy plot shown in Fig. 6(a). Similarly, the doubf&nce, especially for scenarios governing heterogeneous ground
peak observed for GPR4 in Fig. 6(b) can be explained by notifgPdels. In such problems, optimization of the antenna place-

that the total-field pattern in Fig. 11(b) has significantly larggent implies the maximization of the signal-to-noise ratio of
side lobes in addition to the main lobe. the raw signals at the receiver. The use of TRT-configured GPRs

Comparison of Fig. 11(b) to Fig. 11(a) reveals the basic diEOthe presence of heterogeneous grounds is studied elsewhere

ferences between GPR2 and GPR4. For example, compari 51)4 [19]-
of the y-polarized pattern of GPR2 displayed in Fig. 11(a) to
thez-polarized pattern of GPR4 in Fig. 11(b) demonstrates that
the former contains darker contours in the main lobe of the pat-
tern. This darkness implies that the fields penetrating into the[1] D. J. Daniels Surface-Penetrating Radar London: IEE Press, 1996.
ground are stronger for GPR2. This is in agreement with thel2] A C. Dubey, J. F. Harvey, and J. T. Broach, Edsetection and Re-
. | . in the titles of C-scan results for mediation Technologies for Mines and Minelike Targets Ill Proceed-
maximum energy values given in the u ings  Orlando, FL: SPIE, Apr. 1998.
GPR2 and GPR4 in Figs. 4 and 5. GPR1 and GPR2 generatg8] GPR'98, Seventh International Conference on Ground-Penetrating
waves with larger amplitudes penetrating into the ground, and _ Radar Lawrence, KS: Univ. Kansas, 1998. _
h | ttered field ived by thei . I_44] K. S. Yee, “Numerical solution of initial boundary value problems in-
ence, larger scattered hields are recelved by their receivers cont- volving Maxwell's equations in isotropic medid FEE Trans. Antennas
pared to GPR3 and GPRA4. Propagat, vol. 14, pp. 302-307, May 1966.
Not all T-R separation values yield a second energy peak® M. Moghaddam, W. C. Chew, B. Anderson, E. J. Yannakakis, and Q.
. GPR4 B-scan. In Fi 6(b) the GPR4 configurations with H. Liu, “Computation of transient electromagnetic waves in inhomoge-
Ina : g ’ g 2 neous media,Radio Sci.vol. 26, no. 1, pp. 265-273, Jan.—Feb. 1991.
smaller antenna separations produced energy plots similar t¢s] M. Moghaddam, E. J. Yannakakis, W. C. Chew, and C. Randall, “Mod-

GPR2. This similarity is demonstrated by Fig. 12(b), where a eling of the subsurface interface radal, Electromag. Waves Applicat.
vol. 5, no. 1, pp. 17-39, 1991.

Single'lo_be character is diSpIa_yed for theolarized pattern of [7] K.Demarest, R. Plumb, and Z. Huang, “FDTD modeling of scatterersin
GPR4 with 3-cm T-R separation. stratified media,1EEE Trans. Antennas Propagavol. 43, Oct. 1995.
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