IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 47, NO. 12, DECEMBER 1999 1795

Land Mine Detection Using a
Ground-Penetrating Radar Based on
Resistively Loaded Vee Dipoles

Thomas P. MontoyaMember, IEEE and Glenn S. Smithiellow, IEEE

Abstract—Resistively loaded Vee dipoles are considered for use Vee dipole
in a short-pulse ground penetrating radar (GPR) used to detect
buried antipersonnel land mines. First, a study is made to select a &,
short pulse to radiate that is most appropriate for the problem. A x
simple one-dimensional (1-D) analysis of some representative soils
and a land mine is used to select a radiated pulse similar in shape
to a differentiated Gaussian pulse with a spectral peak at 4 GHz.
Based on previous studies, the conductivity of the arms of the Vee Air
dipole is linearly tapered from the feed to the open ends. A fully
three-dimensional (3-D) finite-difference time-domain (FDTD) Ground
model is developed and used to simulate the GPR land mine
detection problem. Using this model, a resistively loaded Vee (@)
dipole is selected and evaluated. Parametric studies related to
the problem are conducted including: varying the height of the = P TUE
Vee above the ground, varying the position of the land mine both ( H ’ ,g'f V \} ; {’Hi 8,C
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laterally and in depth, and examining the effects of the geometry .. B

of the land mine on the received signal. Environmental conditions S

are examined including signal returns from rocks and variations — — —
in the shape of the surface of the ground. The FDTD results are (b) © @
validated by comparisons with experimental data. These studies

demonstrate that resistively loaded Vee dipoles can greatly reduce Fig. 1. Geometry for the problem showing (a) the reflection from the target;

clutter related to the antenna, making the task of distinguishing (b) and (c) the initial reflections from the surface of the ground; and (d) the
land mines (targets) much easier. multiple reflections between the surface of the ground and the antenna and the

reflection internal to the antenna due to the initial reflection from the ground.

Index Terms—Finite-difference time-domain (FDTD), ground-
penetrating radar (GPR), land mines. ] ) )
(largest dimension less than 10 cm) necessitates the use of a

short pulse (duration less than 1 ns) with GPR systems.
A broad-band directive antenna is required to transmit a
Ashort-pulse ground-penetrating radar (GPR) radiatesshort pulse into a spot on the ground. The spot illuminated
temporally short pulse into the ground to detect buriesh the ground should be no larger than the geometrical cross
objects, e.g., land mines. A problem motivating research ingection of the target in order to maximize the ratio of the target
GPR systems is the crisis of an estimated 80-110 million lag@ynal to the background, e.g., signal due to the reflection from
mines spread throughout the world [1], [2]. Antipersonnel langhe surface of the ground, and to resolve the location of the
mines are of particular concern as they injure thousands tgfget. Here, the resistively loaded Vee dipole is studied to
civilians each year. Metal detectors and mechanical probingsmonstrate that it is suitable for a short-pulse GPR used for
currently the primary means of detecting and locating langhiecting buried antipersonnel land mines. Previous studies
mines, are inadequate and/or dangerous for finding land MINGE (4] indicated that a resistively loaded Vee dipole where

with ,IOW metal content (made of ceéramics, explosives, ,a'me conductivity is linearly tapered from the feed point to the
plastics). The small size of many antipersonnel land MiNg3en end has the best performance

I. INTRODUCTION

Fig. 1 shows the geometry of the problem where the antenna
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of the antenna that is reflected by the grouR),(reflections two dielectric cylinders with the dimensions based on the TS-

internal to the antenna that are generated when a signab@sand VS-50 land mines. The electrical parameters selected

received ), and multiple reflections between the surface ab model the land mines arg. = 3, o = 0, and i = o,

the ground and the antennB). The sample received signal,which are typical for plastics and explosives.

shown in Fig. 1, which is for a perfectly electrical conducting The composition and electrical parameters of the soil play

(PEC) Vee over a PEC ground plane illustrates the probleancritical role in detection as they affect the size and shape

that clutter can present. of the return(s) from the land mine. Soils are a mixture of
First, parameters critical to the land mine detection prokeil particles, air voids, and water, with electrical parameters

lem are discussed. Parameters characterizing a typical @wonductivity and permittivity) that vary greatly with soil

tipersonnel land mine are described, e.g., size and physidehsity, water content, soil texture (e.g., sand, silt, and clay)

composition. Next, the composition and electrical parameteasd frequency of operation (dispersion). This makes it difficult

of the ground (soil) are discussed and representative caseselect parameters to realistically model all the conditions

are selected. Then, a simple one-dimensional (1-D) analy#iat can be encountered. Here, the soils are assumed to be

is performed to guide the selection of the shape and duratioonmagnetics = .

of the radiated pulse. Based on measurements reported in the literature [8]—[11],
Details of implementing a fully three-dimensional (3-D}hree full soil models are selected as representative of a variety

finite-difference time-domain (FDTD) model to simulate thef soils. The frequency dependence of the electrical parameters

GPR problem, shown in Fig. 1, are then discussed. Thi$ soils is mainly due to the water content. Therefore, the

includes modeling the antenna, air, soil, and land mine. Tequency dependence of the effective relative permittivity and

limit the computational requirements, an absorbing boundagffective conductivity are modeled with the Debye formula

condition is placed around the working volume. This mod¢®] as

is used to evaluate and select a resistively loaded Vee dipole

for further study. €re = €roo + % (1)
Finally, results obtained with the fully 3-D FDTD model L4 wir

for the GPR land mine detection problem are presentgghq

Parametric studies related to the problem include: varying the

height of the Vee above the ground, varying the position of 0, = 0p+ 20 20 )

the land mine both laterally and in depth, and examining the 1+w?r?

effects of the geometry of the land mine on the received signglqre 5o and e, are the low-frequency conductivity and

Also, environmental condit.ions are examined including signgl|4tive permittivity, ¢, is the high-frequency relative per-
returns from rocks and variations in the shape of the surface fiviry, and - is the relaxation time. A relaxation time of 9 ps
th_e ground_. The FDTD results are validated by comparisofs,s selected based enfor water at room temperature (70
with experimental data. or 21.1°C) [10]. The corresponding relaxation frequency is
fm = 1/(277) = 17.7 GHz. The remaining parameters were
selected to match the electrical properties of soils measured
at lower frequencies. The soil parameters (shown in Table I)
Some parameters associated with using a short-pulse GRBresent dry (about 5% water content by dry soil weight),
to detect small antipersonnel land mines buried in the grouggedium (about 10%), and wet (about 20%) soils. Plots,of

(soil) can be chosen, e.g., parameters for the radiated pulse ands, for these soils based on (1) and (2) are shown in Fig. 2.
antenna; others are fixed or beyond control, e.g., properties of

the land mine and soil. In studying this problem, it is important
to select parameters that realistically model typical conditions.

Descriptions of some land mines are contained in [5]-[7]. A simple analysis was performed to estimate the radiated
The Italian TS-50 and VS-50 land mines were selected as rgpidse that will be most effective for a GPR used to detect
resentative models of antipersonnel land mines for this studynall land mines buried under a layer of soil. The selection of
They are nonmetallic and rotationally symmetric (neglecting differentiated Gaussian (DFG) pulse with a spectral peak at 4
some small fins) with a cylindrical base (diameter of 8 cr®Hz as the radiated pulse involved some tradeoffs. In order to
and height of 3.2 cm) and a cylindrical plunger/trigger oresolve the physical features of the land mine, the pulse should
top (diameter of 4 cm and height of 1 cm). Typically, theype as short in duration as possible, i.e., higher frequencies.
are deployed at depths ranging from 0 to 2 cm. In generédpwever, while the effective relative permittivity and effective
antipersonnel land mines can be effectively deployed at deptitnductivity are nearly constant at lower frequencies, the
ranging up to about 10 cm. conductivity (loss) starts rising rapidly around 1 GHz, as

For the FDTD numerical studies, two models are useskten in Fig. 2. Therefore, a pulse of longer duration (lower
to simulate small antipersonnel land mines. First, a simpleequencies) will more effectively penetrate the layer of soil.
cylindrical land mine with a height of 3.2 cm and diameter of 8nother issue when selecting the radiated pulse is that the
cm (similar to the base of the TS-50 and VS-50 land mines)iisturn from the land mine should be much larger than the
used in some of the parametric studies. Where a more realigfiigtter, e.g., ten or more times greater in magnitude (20 dB)
model is desired, a typical land mine is modeled as a stacktofenable the land mine to be clearly distinguished.

Il. PARAMETERS FOR THEANTIPERSONNELLAND MINE GPR

I1l. PULSE PARAMETERS
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16 ) B I B A B of varying length interact with the soil and land mine. The
Ll owet T \%«\ | upper soil layer wasls = 2 cm thick, the maximum typical
AN deployment depth of the TS-50 and VS-50 land mines. The
12t LN - mine layer wasdy; = 3.2 cm thick, similar to the base of
Jor \\ these land mines. The electrical parameters discussed in the
N 0= \\ ] previous section were used for the land mine and soil.
«w | omedum : N First, some comparisons are made in the frequency domain.
K \ The reflection coefficient at the surface of the ground (air-soil
6 .. 4 interface) is
4 dry \ - Doy = 250 (6)
: Ns + 1o
2 Ll Lol Ll el P
001 ol f(GHZl) 10 where o = \/uo/co and s = wpo/ks are the intrinsic
impedances of free space and the soil, respectively. The wave
(@) numberks for the soil is
e z ks = wy/i0es = o Jere |1 —i—2 ()
F ] C EreCOW

where ¢.. and o. are calculated using (1) and (2 syt

is relatively independent of frequency except at very low
frequencies where there is nearly total reflection. Next, the
reflection from only the top surface of the land mine is
important as it is indicative of the first (usually largest) return
from the buried land mine. This reflection is given by

Ll

01k

Lot g

0ol L i Liop = TasTsal'sy exp(—j2ksds) (8

S wheretas = 21s/(no0 + 1s) and s = 210/ (no + 1s) are
the transmission coefficients from air into soil and soil into
air, respectively, and'sy; = (mar — 11s)/(nar + ns) is the
(b) reflection coefficient for the soil-mine interface. The intrinsic
Fig. 2. (a) Effective relative permittivity and (b) effective conductivity forimpedance of the land mine (a simple, lossless dielectric) is
the dry (solid line), medium (dotted line), and wet (dashed line) soils. Ny = A /NO/CM-

Fig. 4 shows the ratio of the reflection from the top surface
of the land mine to that from the surface of the ground
ITwop/Tsurt| Versus frequency. Notice that this ratio is nearly

V(t) = —(t/7,) exp[0.5 — 0.5(¢/7,)?] (3) the same|l'yo,/Tswrt| =~ —18 dB for the three soils when

) L . f = 4 GHz. An antenna design is needed where the clutter
where 7, is the characteristic time and Fig. 3(c) shows thg 1y ,ch smaller than the return from the land mine, a typical
corresponding normalized frequency spectrum value being—20 dB. Hence, for operation near 4 GHz, the

V() = (f/ for) expl0.5 — 0.5(f/fpk)2] (4) clutter should be at least 38 dB belovv_ the. reflection from the

surface of the ground;,,, as shown in Fig. 4.

where f,x = 1/(277,) is the frequency of the spectral peak. A similar study was made in the time domain. Here, a unit-
Some reasons for selecting a DFG pulse are: no zero-frequeamplitude DFG plane wave (3) is normally incident on the
component, a well defined spectral peak, and negligible spaaiface of the soil in Fig. 3. The total reflected signal is found
tral content for frequencies above abadbibf,i. A signal by performing an inverse Fourier transform of the product
similar to a DFG pulse is radiated when a Gaussian pulse of the spectrum of the incident signal with the reflection

V(t) = Vo exp[—0.5(¢/7,)?] (5 coefficient

0.01 0.1 1 10

f (GHz)

Fig. 3(b) shows a unit-amplitude DFG pulse

Dsuct — o
is used to drive the antenna; Vee antennas radiate a signal that I'= Zswet + 10 (9)
is roughly the derivative of the input.
To estimate the performance of the GPR, the simple layer&§€re
model of a land mine buried in soil with a normally incident Zy cos(ksds) + jns sin(ksds)

P:cane wave, Shql\/\/ln in Fig. 3(a), was Lljsed. Trrl]g Lno_del cons_ists Zswt =15 ns cos(ksds) + j Zar sin(ksds) (10)
of an upper soil layer over a mine layer which, in turn, is Eard ; in(kurd

i oF ’ . 7)s COS + 71N Sin
over a soil layer of infinite thickness. For an antenna which Zn =M s cos(karda) a sin(fyrdy) (11)

. . cos(kard ins sin(k,,d
radiates a pulse into a small spot on the surface of the ground, s cos(knrdar) + jns sin(kmdm)

this is a reasonable model for evaluating how DFG pulsasd ks = w+/1oeas is the wave number in the land mine.
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Fig. 3. (a) Simple layered model of a land mine buried in soil with &ig. 5. Pulse reflected from simple layered model of the medium soil
plane wave normally incident from above. (b) DFG pulse. (c) Correspondiggntaining a 3.2-cm-thick land mine layer buried at a depth of 2 cm using the
normalized frequency spectrum. full (solid line) and simple (dotted line) soil models.

TABLE |
0 T —T ! T T T ELECTRICAL PARAMETERS FOR FULL AND
; SIMPLE* M ODELS OF REPRESENTATIVE SOILS

2 Full Simple

Soil €rs | €roo oo T €re Ce
, Type (5/m) | () (5/m)
N - Dry 4250005 | 9 | 39100892
N o ] Medium | 8 | 35 | 002 | 9 | 774 | 0273
AN Wet 150 5 | 005 | 9 |[14.4]| 0611

-60 —
H \ wet

: fu=4GHz \ S ) * Simple model assumes frequency independent parameters

\ e . equal to thosc of full model at fayve = 4.3 GHz.

-40

ICy/ Toel (dB)

-80
0

J(GHe) results (within 1 dB) for a DFG pulse witlf,i. = 4 GHz for

Fig. 4. Magnitude of ratio of the reflection from the top surface of z@” of the soils. . . . .
3.2-cm-thick land mine layer buried at a depth of 2 cm to the reflection from Another factor to consider in selecting the DFG pulse is the
the surface of the dry (solid line), medium (dotted line), and wet (dashegso|ution of the target, i.e., can the signals from the top and
line) soils. bottom surfaces of the land mine be distinguished? It should be
recognized that the reflection from the top surface of the land
The solid line in Fig. 5 shows the reflected signal from thmine can overlap (in time) the reflection from the surface of the
land mine buried at a depth of 2 cm in the medium soil for aspil when the land mine is buried at very shallow depths. For
incident DFG signal with a peak frequency fifi = 4 GHz. a simple layer model (Fig. 3), a formula can be developed to
As shown, a relatively large reflection from the surface of thguantify the resolution of the top and bottom surfaces of a land
soil is followed by smaller pulses reflected from the top anahine for a given pulse and soil [12, ch. 2]. Once the resolution
bottom surfaces of the land mine layer. is greater than 20 dB, the reflections from the top and bottom
Also shown in Fig. 5 are results for a simple model for theurfaces of the land mine are effectively resolved. However,
soil (dotted line). The simple soil model uses fixed values feince factors such as dispersion, depth of the land mine, and
ere and o, (see Table | and Fig. 2). These fixed values wettbe surrounding environment can decrease the resolution, the
selected by evaluating (1) and (2) at the frequefigy, where DFG pulse should be as short in duration as feasible.
50% of the energy in the pulse is above and 50% below thisBased on the preceding discussion, a DFG pulse with
frequency. For a DFG pulsefave = 1.0879f,1. As shown, 7, = 39.8 ps (fyx = 4 GHz) was chosen. This pulse is short
the reflection from the surface of the simple model of thenough to provide good resolution of the land mine and long
soil is in good agreement with the full model. The peak-te@nough for adequate penetration into the representative soils.
peak magnitude of the reflections from the top and bottoRor this pulse, the ratio of the reflection from the top surface
surfaces of the land mine predicted by the simple model agrefethe land mine to that from the surface of the ground is
well with the full model. The simple model provided adequatabout—18 dB in the time-domain, indicating that an antenna
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design where the clutter is down by about 38 dB from theas introduced by Sacket al. [18] and further developed
surface reflection is needed. This requirement can be fulfillbg Gedney [19], [20]. The anisotropic PML has the advantage
by using resistively loaded Vee dipoles. that the field components are not split (less computer memory)
while giving equal performance.

For the anisotropic PML ABC selected, the nonphysical
electric and magnetic conductivities; (¢ = x, ¥, or z), vary
with depth into the PML in the direction (normal to the
A. General PML-working volume interface) to avoid a large discontinuity

To model a GPR system involving Vee dipole(s) in the ait the interface, while remaining constant in the tangential
over a simulated ground containing targets (see Fig. 1), tHigections. The selected spatial variationsinis a polynomial
FDTD method was selected. The FDTD method, proposed iper (smallest at interface). Gedney determined that a fourth-
Yee [13], is a way of directly computing both the electric an@rder polynomial yields the best results and found an optimal
magnetic fields in the time domain. As both the electric arf@aximum conductivity oyax. A single value of oy is
magnetic fields are computed, it is very flexible in modelingecessary for stability, even when multiple materials are
materials with varying electrical properties and geometrig€rminated by the PML, e.g., air and soil. It was shown in
Recently, the FDTD method has risen in prominence wil#9]-{21] that the reflection error is relatively constant for a
advances in computers as evidenced by the large numberaige of values greater than the optimal valuer@f. before
publications [14]. Good sources for an introduction to théeflections resulting from discretization become significant.
FDTD method are the books by Kunz and Luebbers [15] arlderefore, the largest value fu.., where the PML is
Taflove [16]. adjacent to air, was selected. Based on the results in [19]-[21],

The update equations for the six vector field componerfisPML that is ten cells thick was used.

&y &y &, Hay Hy, and H. in Cartesian coordinates)
computed for the fully 3-D FDTD method can be found in [168. FDTD Modeling of Antennas

ch. 3]. The materials modeled are simple, lossless, and lossyn, the fully 3-D FDTD model [see Fig. 1(a)], the resistively
dielectrics withu = po. These update equations are sufficienyaded Vee dipole is modeled as thin triangular-shaped con-
to model the portions of the computational volume that aggctive sheets attached to a feeding 1-D transmission line by
completely within the air, soil, and land mine. Modificationghin PEC tab<. The tabs, which connect the arms to the feed,
are made to the update equations at the interfaces betwggi modeled by simply setting the electric field components
these regions and for modeling the antennas. To model ¥€sero in the appropriate locations. The 1-D transmission line
air-soil and land mine-soil interfaces, the electric field updafg described in [22]. A connection is made between the end-
equations are slightly modified. In these update equatioRgitage and current nodes of the 1-D transmission line and
the relative permittivityc, and conductivityo are replaced the electric and magnetic fields of the 3-D FDTD grid at and
with the average relative permittivity. and conductivitys, adjacent to the antenna feed. The electric field in the feed gap
as calculated over the cell areas 6, £,, and £.. No &, gap IS related to the end-voltage nodi,, by
modifications are required for the magnetic field updates. The
tangential electric field componengs and £, are placed at Ex, gap = — Vena/ A (12)
the air-soil interface.

Cubic FDTD cells with side lengths ak = Az = Ay =
Az were used throughout the computational volume. The

IV. FDTD MODELING

where the spacing between the metal tabs of the arms of the
dipole is Az. The last current node in the 1-D transmission
fifie is updated by applying the integral form of Ampere’s law

were _at least eight to ten.cells per wavelength in the soll the magnetic field components on a contour surrounding
the highest frequency of interegt,.., the frequency where the feed gap

the signal power has droppe_d to a negligible level. A_value To achieve the linearly tapered conductivity profile de-
of fimax Where the spectrum is down to 1%40 dB) of its scribed by

peak was deemed sufficient. For numerical stability, the time

step At should meet the Courant conditioat < A/(v/3v), a(s/h) = oo(l — s/h) (13)
wherewv is the speed of light in the medium. For convenienc
At = A/(2c) was chosen. For thig\t, it takes two time
steps to travel one spatial step in free-space. This allow
very simple absorbing boundary condition to be used with t

?he arms of the resistively loaded Vee dipole have a width that
v%ries linearly with the fractional distanegh along the arms
see Fig. 1(a)] as

feeding transmission line [22]. Wi(s/h) = Wo(1l —s/h) (14)
The working volume for the fully 3-D FDTD simulations
must be finite. Therefore, an absorbing boundary conditidf’ere Wo = 1/(oveedveeRo). Here, ovee and dve. are

(ABC) is placed around the regular FDTD grid that modeide conductivity. a.nd thickness of the sheets composing the
the working volume. Recently, the perfectly matched lay&@ms of the resistively loaded Vee add is the starting (at
(PML) ABC, which splits the electric and magnetic field®/? = 0) value of the resistance per unit length. The feed,
components, was proposed byemBnger [17]. It is several whlc_h includes the feed gap and part of the metal tabs, has
orders of magnitude less reflective than previous ABC's. Mofe width of Wep.

recently, an anisotropic PML ABC for the 3-D FDTD method *This model is based on the experimental antenna discussed later.



1800 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 47, NO. 12, DECEMBER 1999

' clutter as a function ofR,,;u/». The difference voltage is the

- portion of the voltage in the feeding transmission line caused
by the presence of the PEC ground plane. It is calculated by
subtracting the voltage in the feeding transmission line for the
— antenna in free space from the voltage when the antenna is
over the PEC ground. The clutter is the maximum peak-to-
peak value of signalB, C, andD in Fig. 1 divided byAV,.

— AV, is indicative of the size of the radiated pulse and, hence,
the size of the return from a buried land mine. Ideallyk’s
should be as large as possible and the clutter should be as
—  small as possible. Both resistively loaded designs reduced the
desired signal £V 4) as well as the clutter relative to PEC
Vee dipoles (see Fig. 6). For a clutter reduction-€88 dB,

-40 : _' : _Jm : _' ' _210 : _' : the tapered conductivity design is preferable, because it returns
a larger signaAV 4 than the constant conductivity design for
the same level of clutter.

Fig. 6;j IPeak-tO-peakhvolltagéﬂfl« of the initiEI reflection fromdaldP%C For the FDTD study, a resistively loaded Vee dipole made
g;og]VAp ?orle\}’eeésé'izf)lgscvk'litttﬁr’tgg’r(é";“ggecin;?aﬁfi%gaﬁétﬁ&g o with thin-sheet conductive arms, where the width of the arms
normalized byAVy, for the PEC Vee. The Vee antennas &£ 62° and varies as given by (14) was used. The characteristic impedance
h =10 cm) were 5 cm over the ground plane. Zy (real) of the feeding transmission line for each antenna
was selected to minimize clutter. At a single frequency, it

The conductive sheets forming the arms of the resistivef*" P& shown that the reflection coefficighat the feed of
loaded Vee dipole are placed in the> plane that contains the (€ antenna is minimized whef, = |Zin| where Zy, is the

&, and &, field components. Some assumptions are made-

ipput impedance of the antenng, was selected to b | at
the FDTD modeling of this antenna. First, the normal electrifpk/2 Where fpy is the frequency at the peak of spectrum of

field component¢, is assumed to be negligible within thethe radiated electric field at boresight. This value is an average

arms. This assumption readily follows from the symmetry Selected to minimize the reflection at the feed for the excitation
the resistively loaded Vee dipole and the manner in which @ Gaussian pulse) and the initial reflection from the ground (a
is fed. Also, the thickness of the conductive sheets is assunt¥dC Pulse), the major sources of clutter. It was verified that
to be much less than a skin depth at the frequencies this deS|gn performs_ in a manner similar to the cylindrical
interest. Therefore&, and £, are constant within the arms@nténnas in the earlier MoM study.

in the direction normal to the plane of the Vee. With these The interior anglex and arm length:, were selected so
assumptions, the arms can be modeled using the standdg} the Vee has an aperture (distance between the open ends
FDTD update equations for the magnetic field componerf§ the arms) that is roughly equivalent to the diameter of
and £,. The update equations fa, and &. are modified typical antipersonnel land mines. The spot illuminated on the
by replacing the relative permittivity, and conductivityo ground is roughly the size of the aperture at close distances

with the average relative permittivig. and conductivitys as [4]. Another consideration is that the arms be long enough to
calculated over the appropriate cell areas. allow the resistive loading to attenuate the pulse sufficiently

before it reaches the open end of the antenna (reduce clutter).
o ) Typically, h must be at least three pulse lengths to meet this
C. Resistive Antenna Selection requirement, and the ratio of, for the Gaussian pulse to the
An initial study of Vee dipoles with resistive loading wasantenna transit time, = 2/c should ber,, /7, < 0.07767. 7,
made to show they can achieve higher gains and lower levidsselected to ensure the Vee radiates a signal similar in shape
of clutter than comparable linear dipoles [3], [4]. A methotb a DFG pulse withf,, = 4 GHz.
of moments (MoM) program (the numerical electromagnetics The resistively loaded Vee selected had dimensions of
code or NEC) was used to study these antennas in frdg-6° h = 10.85 cm andWrp = 3 mm. These dimensions
space and over a perfectly conducting ground. The antenmesult in an aperture of 8.36 cm, roughly the diameter of the
were modeled as having thin cylindrical arms. Two types dfS-50 and VS-50 land mines. For the thin-sheet design, the
resistively loaded antennas were considered, one with consteotter drops rapidly with increasing resistive loading before
conductivity and one where the conductivity is tapered as the rate of decline begins to level-off in a manner similar to
(13). The quantityR,;qh is convenient for comparing theFig. 6. The tapered resistively loaded Vee had arms where
various resistively loaded designs. It is the resistance per ufiif,jah = 800 © with dyee = 0.48 MM, ovee = 125 S/m,
length at the midpoint of an arm multiplied by the length of¥, = 4.52 mm, ande,. = 3. This design reduces the clutter
the arm.R,;;ah = 2Ryh for the tapered conductivity design,by about 38 dB with respect to a comparable PEC antenna
and R,,;uh = Rgh for the constant conductivity design. over a PEC ground plane (worst-case scenario); this meets
In Fig. 6, the peak-to-peak difference voltage due to the irtlhe criteria developed using the layered model. To radiate a
tial reflection of the radiated pulse from the PEC ground plaf¥G pulse withf,. = 4 GHz, the antenna is driven with a
AV, (normalized byAV, for a PEC Vee) is plotted versus theGaussian pulse (5) with, = 28 ps (/7. = 0.0774) by a

AV, (dB)

Clutter (dB)
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. Fig. 8. Ratio of the peak-to-peak difference voltage caused by the top surface
é‘:gfagg"f—\ Top of Mine of the simple cylindrical land mine to the clutter for the dry (solid line),
0.0025 - W 7 medium (dot line), and wet (dashed line) soils for the resistively loaded Vee
4~ Bottom of Mine E dipole placed at varying heights
AN
n 0
0.0025 | /\ . emphasized that the goal of this research is to develop and
study antennas that are suitable for a short-pulse GPR, not
-0.005 _ land mine/target identification or signal processing.
8 | First, the resistively loaded Vee dipole was placed at varying
0.0075 . I R N heightsb above the ground in which the land mine was buried
0 2 41/ 6 8 at a depth of 2 cm. The height is of particular interest as
La it can be controlled, unlike the properties of the ground and
(b) target(s). As expected, the magnitude®¥ decreases ak

Fig. 7. Difference voltages for (a) PEC Vee and (b) resistively loaded véBCreases. While varying, heights were found that minimized
dipoles centered at a height of 4 cm over the medium soil containing tetutter. Fig. 8 shows the ratio of the peak-to-peak difference
simple cylindrical land mine buried at a depth of 2 cm. voltage caused by the top surface of the land mop to

the peak-to-peak difference voltage caused by clutf&f,; er

as a function of the height of the antenna above the ground.
25042 transmission line. For the simulations, the Vee antennfgcall that the clutter does not include the direct reflection
were driven by a unit-amplitude Gaussian pulse. ~ from the surface of the groundA in Fig. 1. AV,,, was

Fig. 7 shows the difference voltages for the resistivelygjected as it has the largest peak-to-peak magnitude. The

loaded Vee and a comparable PEC Vee centered 4 cm over dhgsria that AV;o, /AVipue: > 20 dB is satisfied for the
surface. of the .medium soil containing the simple cylindricglee soils at heights ranging from 3 cm to 5.5 cm. A peak
Iand_ mine buried at a depth of 2 cm. For the PEC Veg, AViop/AViluser OCCUTS neab = 4 cm for all three soils
the initial return from the bottom surface of the land ming e {5 clutter signals partially canceling one another. Based

is completely obscured by the clutter, as shown in Fig. 7(:@n these results, an antenna heightef 4 cm will be used
However, as shown in Fig. 7(b), the initial returns from thfFor the remainder of the parametric tests.

top and bottom surfaces of the land mine are visible for the Next, the effect of the depth of the land mine on the shape

resistively loaded Vee d_ipc_JIe. _Cle_arly, the_ resistively_ IOadeéjnd magnitude of the return from the land mine are examined.
Vee makes the task of distinguishing a buried land mine frof—’?g. 9 shows the difference voltage for the resistively loaded

clutter much easier. Vee dipole centered over the simple cylindrical land mine
buried at varying depthgs in the medium soil. When the
V. PARAMETRIC STUDIES land mine is flush with the surfacés = 0, the return from
In this section, parametric studies are conducted on tHe surface of the ground is the return from the top surface of
resistively loaded Vee dipole in the air over a simulated grouride land mine; the subsequent pulse is caused by the bottom
containing a land mine, see Fig. 1. The parametric studigdrface. As the land mine is placed at increasing depths, the
include varying the height of the antenna over the ground, thgturn from the top of the land mine separates from the return
depth and relative position of the land mine, and the profile ffom the surface of the ground. However, the spacing (in time)
the land mine. Unless otherwise stated, the simple cylindridz¢tween the returns from the top and bottom surfaces of the
land mine model was used. The soils are modeled as losagd mine remains constant. The returns from the land mine
dielectrics using the simple model (see Table I). It should likzcome smaller as the depth of the land mine increases due to
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Fig. 9. Difference voltage for the resistively loaded Vee dipole at a height > .
of 4 cm over the medium soil containing the simple cylindrical land mine F \} : : g /
buried at varying depthgs. la=15 /L. :
o |_te=1 VNA ] [\
0.005 T T T T < \/ !
i | | a=05 W\ .
. f : :
L Top of Mine | 0.0075 + \j : : .
0.0025 ) Va=0 {k/\, : yBottom of Minc }Z{{
I ) Surface \Top of Mine
N . 1 A I L 1 L ]
00 1% 0 2 4 6 8
2 t/t

-0.0025 — / \ — (b)

Surface of __ Fig. 11. Difference voltage for the resistively loaded Vee dipole at a height

Ground of 4 cm over the medium soil containing the simple cylindrical land mine at
0.005 — | a depth of 2 cm at varying distances in (a) the plane of the Vee and (b) the
% plane perpendicular to the plane of the Vee.
-0.0075 L | . | I L L |
0 2 4 6 8
t/7, on the soil (differing velocities of propagation), these returns

overlap in different fashions. In addition, there are the returns
Fig. 10. Difference voltage for the resistively loaded Vee dipole centeredﬁxbm the bottom of the land mine caused by the pOI’tiOhS of
a height of 4 cm over the medium soil containing the typical land mine burie . .
at a depth of 2 cm. Compare with Fig. 7(b) for the simple land mine undtR€ signal that penetrated the two upper horizontal surfaces.
the same conditions. The time delays for these signals, which propagate inside the

land mine, are independent of the properties of the surrounding

losses in the soil as well as the land mine being iIIuminaté:'c?'l' This can be used tcr)] ?eyelqp .tS|gnatur.eshtto identify land
by a smaller portion of the radiated wavefront. As woul{"N€s: @ Major research topic in Its own rght.

. . : . _The effect of the relative positions of the antenna and land
be expected for a soil modeled as a simple lossy dielectric

once the land mine is completely buriely” decreases nearl mine is the last item addressed. Here, the position of the simple
P y y ylindrical land mine is varied in the plane of the Vee and

exponentially agls increases (straight line on a decit_)el Scalegerpendicular to the plane of the Vee. Fig. 11 sha\is for
The effect of the geometry or profile of the land mine on the I/a < 2 wherel is the distance from the axis of symmetry

size and shape of the return was also examined. Two land mgﬁhe Vee to the axis of symmetry of the land mine ant

profiles are studied, the simple cylindrical land mine and thga adius of the land mine. The ground is the medium soil

typical land mine (patterned after the TS-50 and VS-50 langhq the land mine is buried at a depth of 2 cm. The returns
mines).AV for the resistively loaded Vee dipole centered ov&fom the top and bottom surfaces of the land mine are largest
the simple and typical land mines buried at a depth of 2 cm {{hen the antenna is centered over the land mife £ 0) and

the medium soil are shown in Figs. 7(b) and 10, respectivelfecrease alga increases. Interestingly, the time delay between

The returns from the top and bottom surfaces of the simpige return from the surface of the ground and the land mine
cylindrical land mine are readily distinguished; however, thigcreases more slowly than might be expected. However, an
return from the typical land mine is more complex. The returg@xamination of the roundtrip path length for a spherical wave

from the topmost surface of the typical land mine is followettaveling between the feed of the antenna and the land mine
by a return from the horizontal surface 1 cm lower. Dependirapnfirms that the time delays are correct.
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mine are also shown (dashed line). The returns caused by the
rocks are clearly evident in the dry soil, mainly because of
the difference in the relative dielectric constant of the rock
(e, = 6) and soil ¢ = 3.91). With the exception of the
small-sized rocks, the magnitude of the returns are larger for
the rounded rock and comparable for the jagged rock to those
caused by the land mine in the dry soil. Regardless of rock size
or soil, the returns from the top surface of the jagged rocks
were significantly smaller than those from the comparable
rounded rocks. This occurs because the top surface of the
jagged rock is at an angle with the surface of the ground,
reflecting the incident pulse away from the boresight of the
antenna.

b N1 T Lot 1\

In the medium soil, the returns from the rocks were much
ool e | ool & | smaller with respect to those from the land mine. In this case,
5 ! 4 L L 5 4 . L t the difference in the relative dielectric constants between the
rock (e, = 6) and medium soil4,. = 7.74) is much smaller.
(b) (©) This points out a potential shortfall of GPR’s, that when the
Fig. 12. (a) Ellipsoid and polyhedron used to model rounded and jaggl@fg€t has a relative dielectric constant close to that of the
rocks. Difference voltage (solid line) for medium-sized (b) rounded and (spil, there is little or no return.
ja_igged roqks puried at a_depth pf 2 cm in the dry soil. The return from the When the rocks were placed in the wet soil, the returns
simple cylindrical land mine buried at a depth of 2 cm under a flat grounﬁlrom the rounded rocks, while smaller than those caused by
surface is shown for comparison (dashed line). ,
the land mine, were clearly evident. An example of the large
rounded rock in the wet soil is shown in Fig. 13(a). Note the
similarity in the initial returns from the rock and land mine.

If this rock had a flat bottom and was similar in thickness

Environmental conditions can adversely affect the perfogs the |and mine, it would be difficult to distinguish from
mance of a short-pulse GPR. For example, the GPR will detggk |and mine. In this case, the returns caused by the jagged
the presence of buried objects other than land mines, suchygscs were nearly imperceptible. Here, the difference in the
pebbles and rocks. This may give rise to false alarms. Als@yative dielectric constants between the rock< 6) and the
variations in the surface of the ground can have an effect on tfg; 5ol €~ = 14.4) is much larger. However, the contrast
received signal. This section will examine how the resistivelyatween the land mine;,( = 3) and wet soil is even greater.
loaded Vee antenna performs with regard to buried rocks and demonstrated, this GPR will detect rocks. Therefore, the
variations in the surface of the ground. process of distinguishing returns caused by rocks from those

First, the returns from rocks are examined. A feldspgaused by land mines is critical, a topic outside the scope of
(labradorite) was selected for the FDTD simulations. At éis study.
GHz, feldspar has a relative dielectric constant,of= 6 and  Now, the effect of variations in the surface of the ground on
a conductivity ofo = 0.0173 S/m [23]. Two different rock the detection of a buried land mine are examined. Because the
shapes were selected as representative of what is found iniégistively loaded Vee selected has an aperture of only 8.36
field, one was rounded and the other was jagged. As show, gradual changes in the surface of the ground such as a
in Fig. 12(a), the rounded rock was modeled as an ellipsoitbpe were not considered. Three types of surface variations
defined by a width2a (z-direction), depth2b (y-direction), are considered: a depression, a mound, and surface roughness.
and height2c (»-direction). The jagged rock was modeled ashe simple cylindrical land mine is buried at a depth of 2 cm
a polyhedron defined by seven planes [see Fig. 12(a)]. In tiiethe medium soil. For comparison, the return for the simple
plane of the Vee, the top surface of the jagged rock is at aglindrical land mine under a flat surface is also shown.
18° angle with the surface of the ground while the bottom of A depression over the land mine can occur due to settling in
the rock is parallel to the surface of the ground. For each rogke soil over and around the land mine. Here, the depression
shape a small, medium, and large size was defined. The sngttentered over the land mine, leaving a minimum of 1 cm of
rocks had a maximum dimension about half the size of th®il over it. Another situation is that soil can be mounded over
aperture of the Vee antenna. The large rocks had a maximtite land mine, perhaps when the land mine is being deployed
dimension roughly the size of the aperture, while the mediugisplaced soil is put over the land mine. The mound is modeled
rocks were in between. For example, the medium rounded ramk the inverse of the depression, i.e., the land mine will have a
has a width, depth, and height of 5.6 cm, 5.1 cm, and 4.5 cmaximum of 3 cm of soil over it. The depression and mound
respectively. are modeled as having the Gaussian prafite(—0.5p7/p3)

AV for the medium-sized rounded and jagged rocks burieth, wherep is the radial distance from the center apglis
at a depth of 2 cm in the dry soil and centered below tithe characteristic length. The valyg = 3.728 cm gives the
antenna are shown in Fig. 12(b) and (c), respectively, (soligpression and mound a diameter of 8 cm when the profile is
line). For comparison, returns from the simple cylindrical lan@l0% of the maximum and a maximum depth or height of 1

Surface — Surface —

VI. ENVIRONMENTAL CONDITIONS
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Fig. 14. Experimental model: Vee monopole mounted over image plane with
an acrylic block used to simulate the ground.

(© (d)

Fig. 13. Difference voltage (solid line) for a (a) large rounded rock buried

at a depth of 2 cm in the wet soil, the simple cylindrical land mine burie& . .
in the medium soil with (b) a depression or (c) a mound at the surface faded Vee antennas reduce clutter with respect to similar PEC

the ground centered over it, and (d) furrows in the surface of the grouhe antennas.
perpen_dlcular_to the plane of the Vee. The return from the S|mplz_e cylindrical Monopole Vee antennas were used in the experimental
land mine buried at a depth of 2 cm under a flat ground surface is shown for
comparison (dashed line). studies. The antenna was attached to the center conductor
of an APC-7 connector (5®) mounted at the center of a

) is sh | ith sketch brass disk fitted into a 6.1 )& 6.1 m aluminum image plane
c]rcn.hln (Ijzlg. 13(b) andd(c)AV (IjS shown along with sketc €S (see Fig. 14). The arm of the resistively loaded Vee monopole
of the depression and mound. was constructed from conductive, polycarbonate, plastic sheets

As shown in Fig. 13(b), the reflection from the depression With Ryiah = 800 Q. The resistively loaded Vee was built as

the ground is significantly larger than that from the flat groundosey as possible to the specifications in Section IV-C. For

The depression appears to focus the reflection from the gro“&ﬁnparison, a PEC Vee monopole was built using cylindrical

back toward the antenna, somewhat like a reflector anteneapper wire (24 AWG). The arms of these Vee monopoles
Conversely, the reflection from the mound [Fig. 13(c)] i§vere of lengths = 10.85 cm and at an angle af/2 = 21.8°
significantly smaller than that from the flat ground; the incidenf o image plane.

pulse is scattered. In both cases, the returns from the land ming plastic block was used to simulate the ground in the

are relatively unchanged in magnitude and shape. Naturally,eriments. It consists of nine, 2.380.05-cm-thick acrylic
the time delay between the return from the surface of the sgjlaqts placed together to form an 81.3 cm wid0.6 cm tall
and that from the land mine is changed, e.g., shorter delay fQpck see Fig. 14. The acrylic sheets were fastened together by

the depression and longer delay for the mound. five nylon bolts (not shown) placed near the edges of the block.

Roughness in the surface of the soil can occur from a variefy,o glectrical parameters of the acrylic at 4 Gz, = 2.6
of causes. Here, it will be assumed that the surface of the sgily , — 7003 S/m. were interpolated from measur’ed values

has been raked, leaving 1-cm-deep furrows in the surface of thes 5, [24], [25] and 11 GHz [26].

soil spaced every 2 cm. Furrows were modeled both parallelyg shown in Fig. 14, one of the acrylic sheets has a half-
and perpendicular to the plane of the Vee. The furrows aGiinqer siot cut at the center of the bottom edge to allow for
modeled as having the sinusoidal shapsin(2al/2) €M, e placement of various targets that are similar in shape to
wherel is the distance in the or y directions in centimeters. ¢ gimple cylindrical land mine used in the parametric studies.
AV and a sketch Of, the_ furrows perpendicular to the plane gf, e the experimental work is performed on an image plane,
the _Ve_e are shown in Fig. 13(d). ATC’ s_hoyvn, the furrows ha\fﬁe half-cylinder is equivalent to the full cylinder used in the
a minimal effect on the returns. This indicates that roughnegs,, jations. Five half-cylinder (radius of 4 cm and thickness
in the surface of the ground that is much smalle20%) than ¢ 5 38 cm) targets were used: air, aluminum, Teflon, Delrin

the Vee aperture or land mine has little effect on the rece'v?gcetal), and StycadtThe electrical properties used to model
signal. the targets are given in Table Il and were taken or interpolated
from values in [24]-[26].
The experimental measurements were made with a Hewlett-
Packard (HP) 8510C Network Analyzer. The scattering param-
The primary purpose of the experiments was to examine the
Va"dity of the FDTD models used for the antennas, ground'zTeron and Delrin are registered tradenames of E.I. duPont de Nemours &
and land mines. Also, the experiments confirm that resistivaty. inc. and Stycast is a registered tradename of Emerson & Cuming, Inc.

VIl. EXPERIMENTAL STUDIES AND VALIDATION
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TABLE 1

from the measurements and using the FDTD model are in
ELECTRICAL PARAMETERS FOR THE EXPERIMENTAL TARGETS

good agreement for both antennas and the various targets. For

arget | e | o S/m) the PEC Vee, clutter obscures portions of the returns from the
Air 0, 00 targets, e.g., air target in Fig. 15(a). However, the resistively
f‘;lmi““’“ :(1) 3'05(;;57 loaded Vee greatly reduced the clutter, e.g., air target in
SRR P Ee Fig. 15(b), allowing the return from the target to be clearly
svorr 1701 0008 distinguished. Returns from aluminum and Stycast targets,
using the resistively loaded Vee, are shown in Fig. 15(c) and
(d), respectively.
In Fig. 15, there are slight differences between the peaks in
oo Tmery ,gﬁ?nf ] oof ‘fj;ot'fmg;t "1 AV forthe experimental and FDTD results. In most cases, the
0005 M /\ A C 0005 ,\M\ wgs 1 FDTD re;ul_ts hqd h|gher_ peaks. The most p.robable cause is
5 00 V\/ﬁvﬁ\w 5 00 Ay small variations in the alignment of the acrylic block during
D00SE V ; 000s]- su,fm»\' | the experiments, e.g., the surface of the block might not be
onf PEC Ve ook Resinive Vee: J perfectly normal to the plane of the Vee or exactly 5 cm
B3P S " YIE) S— i . " . away. Also, differences in the feeds for the FDTD dipole and
/1, t/1, experimental monopole have an effect AV,
@ ) Ot.her t.ests included placing .the resist'ively Ioade.d Vee at
varying distances from the acrylic block with the Delrin target
, : : 0015 ‘ ‘ ‘ . at a constant depth, varying the depth of the Delrin target
00 — Meaa | 1 0ol T ¥ [E;‘;;;“" inside the acrylic block, and placing the air target at varying
002r l\ 0.005 - Mﬁ!\« positions in the plane perpendicular to the Vee [12]. Also,
3w A 5 0 Tarin the resistively loaded and PEC Vees were tested adjacent to a
Sorfaco] vw 00050 e »\’\I U j metal plate, i.e., a PEC ground. In all cases, the experimental
002p  Topof Resistive Vee- * ¥ Resistive Vee- o - ) ’
Taget Y Moral Targor oo Stycast Target and FDTD results were in good agreement.
B e R B
t/t, t/,

VIIl. SUMMARY AND CONCLUSIONS

© @ Using resistively loaded Vee dipoles in a short-pulse GPR
Fig. 15. Measured (solid line) and calculated (dashed line), using the FD}B qetect small buried antipersonnel land mines was studied
method, difference voltages for a @EC Vee dipoléluminating an air target .
and aresistively loaded Vee dipoiduminating (b) air, (c) Stycast, and (d) Using a fully 3-D FDTD model. These antennas, constructed
aluminum targets. The antennas are centered 5 cm from the acrylic bidfebm linearly tapered, thin, conductive sheets, can greatly
containing target(s) at a depth of 2.38 cm. reduce clutter related to the antenna. This makes the task of
distinguishing land mines (targets) much easier. The paramet-
] _ric and environmental studies demonstrated the utility of the
eter S1; was measured at 801 equally spaced points withiyienna developed. An interesting result was that under certain
the frequency range of 45 MHz to 18.045 GHz (22.5 MHggj| and target conditions, the returns from rocks are nearly
intervals). FromS;y, the input impedance;,, of the antenna indistinguishable from the modeled land mine.
was calculated at each frequency. Wih, known, the input
reflection coefficient’;, can be calculated for a transmission
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Vref(t) = f‘il{rin‘/in} (16)

whereV,, = F{Vi.(¢)}.

AV caused by reflections from the acrylic block without a[1] B. Boutros-Ghali, “The land mine crisisForeign Affairs vol. 73, no.

i ; i 5, pp. 8-13, Sept./Oct. 1994.
target and with the five targets were calculated using th.e FDT ] Hidden Killers 1994: The Global Landmine CrisisWashington, DC:
method as well as measured. A sample of the results is shown y.s. pept. state, Jan. 27, 1995, o
in Fig. 15 for the PEC and resistively loaded Vee antennad3l E- P-dMl;)mgyla agddG- S. SmllthééAE étl#dy of ppl\llse radlagon from Seiveral
: road-npand loaded monopole rans. Antennas Propagatol.
Here, the acrylic block was placed 5 cm from the antenna_s. 44, pp. 1172-1182, Aug. 1996,
The surface of the acrylic block was perpendicular to the axig , “Vee dipoles with resistive loading for short-pulse ground
of symmetry of the Vee’s. The targets were placed at a depth ?ggetlrggn% fadigg/éicrowave Optical Tech. Lettvol. 13, no. 3, pp.
) . —137, Oct. )

of 2.38 cm (one Sheet) and centered with respect to the axis “Instruction sheet: Target, mine detection, EM inert,” Rep. VSE Corp..,

symmetry of the Vee antenna. As shown, th& calculated Alexandria, VA.
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