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The Dielectric Wedge Antenna

Alexander G. YarovoyMember, IEEEAlexander D. Schukin, Igor V. Kaploun, and Leo P. Ligth&ellow, IEEE

Abstract—A new modification of the TEM-horn antenna has [6] and the simplest ones, like the resistively loaded dipole
been developed for ground-penetrating radar (GPR) applications. and the resistively loaded bow tie, remain the most frequently
The antenna is based on a dielectric wedge, and thus, was named,;ge 4 GPR antennas. A recent demand for high-resolution GPR
the dielectric wedge antenna. Tapering of the metal flairs has been . .
used to match the antennato the ground and to reduce the late-time sys_tems for motorway_ or runway inspection [7], unexplo_d_ed
ringing. The finite-difference time-domain model of the antenna Ordinance, and landmine detection [8] has become a driving
has been created to investigate physical processes within the an-force in the development of more sophisticated GPR antennas.
tenna and to optimize its performance. The dielectric wedge an-  This paper introduces a new GPR antenna: the dielectric

tenna has shown a superior (in comparison with the TEM-hom) - \yeqge antenna. This antenna is based on a dielectric wedge
performance by radiation in different types of the ground and has and has a number of similarities with dielectric-filled TEM

been used in a novel antenna configuration within a GPR system, A . -
which is dedicated for landmine detection. horns [9], and [10]. The main constructional difference of the

Index Terms—Finite-difference time-domain (FDTD), ground pmp‘?sed antenna from a dieleCtri.CTﬁHGd TEM horn _is the
penetrating radar' TEM-horn antenna, transient antenna, tapel‘lng Of antenna flaIrS. An add|t|0na.| d|fference, IS that
ultra-wideband antenna. the dielectric base of this antenna does not have a pyramidal
shape as in TEM horns [9], [10], but a wedge shape. The
tapering profile and the size of the dielectric wedge have been
optimized to improve antenna matching to the ground and to

NTENNAS for impulse ground penetrating radar (GPRjeduce antenna late-time ringing. Due to this design it became

are impulse radiating antennas that should satisfy passible to increase the antenna efficiency (in comparison to
number of specific demands. First, the antennas should radigigt of an ordinary TEM horn), to improve the Tx—Rx antenna
pulses with given properties into the ground and receive pulgeslation and to decrease the antenna size considerably in all
scattered from subsurface objects [1]. As a rule, the groutittee dimensions. Antenna design considerations are presented
situated in the near zone of the antenna has a large impact®rSection 1l. The theoretical simulation of the antenna is
the antenna performance [2] and [3]. However, an antenna pgiscussed in Section IlI, while Section IV describes the exper-
formance that is stable for different ground types and differeimhental verification. Section V discusses antenna features and
antenna elevations above the ground is desirable. Because @B&sible applications of the antenna.
antennas are used in a short-range high-resolution radar system
and the radiateq ele_ctromagnetic (EM) field must penetrate Il. DESIGN CONSIDERATIONS
as deep as possible in a lossy medium, they should operate at
reasonably low frequencies (typically below two gigahertz) One .of the best known qntennas for the ra.diatio.n of short
and cover a wide-frequency band (typically more than sevepdi!ses is the TEM horn. This antenna can radiate signals over
hundreds megahertz). Therefore, the antennas should be @fdlltra-wide frequency band and has a linear phase character-
wideband [4]. Because coupling in the transmit-receive anteniiC over this band. Although the radiated pulse does not widen
pair can obscure reflections from shallow buried targets afil comparison with the feeding pulse), a part of the propagated
can substantially limit the dynamic range of the whole Gp:p?side the horn pulse.is reflected frpmthe antenna aperture ba_ck
system, high transmit-receive (Tx—Rx) antenna isolation ijlgto the antenna and is then re-radiated again from the feed point
also an important characteristic for GPR antennas. Fina|(i;31te-time antennaringing). This re-radiation increases when the
antennas used in video-impulse radars should also have lind&ienna is pointed to the ground and elevated only a few cen-
phase characteristics and constant polarization [1]. sucHirgeters above it. For a short-range radar system (like GPR) this
combination of sometimes controversial demands makes fii@wback of TEM horns causes essential problems because the
development of GPR antennas an extremely difficult taskeflection from the aperture can mask a target return. To avoid

Until now, only a few GPR antennas have been developed [§}is re-radiation, different kinds of resistive loading schemes
were proposed (see e.g., [11]). However, as resistive loading ab-

. . ) _sorbs energy of the radiated pulse, it decreases the antenna ef-
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Y structure within the wedge, to check for internal resonances of
feeding line metal flare the wedge and to find the optimal size and wedge inclination
angle of the wedge for a given dielectric permittivity (the FDTD
model is described in detail in the next Chapter). The wedge has
been excited with a current source in the middle of its top edge.

We found that the transient current excites two transient waves:
one which propagates within the wedge and another that prop-
dielectric agates outside. The former was named the wedge wave and the

wedge latter the air wave. The air wave has the same waveform as the
- (side view) excitation current and arrives earlier than the other signals at any
observation point outside the wedge. The wedge wave, while
propagating within the wedge, also has the same waveform as
the excitation current. The maximal wave amplitude has been
flare angle observed propagating along the sidewalls of the wedge. A part
metal flare of this wave energy (of about 0.3%) bounces back from the aper-
ture of the wedge, returns to the top edge, bounces once more
and re-radiates from the wedge, causing the late-time ringing.
The electric field radiated in the forward direction in the far
zone of the wedge consists of contributions of the air wave and
of first-, second- and higher-order pulses radiated by the wedge
wave (Fig. 2).
To minimize the reflections from the antenna aperture, we
chose the dielectric permittivity of the wedge as close as pos-

\

dielectric

z redg . i . o .
wedge sible to the dielectric permittivity of a typical ground. For the
antenna, which should be matched to a dry sandy soil, a value
(top view) 3.5 has been selected. By varying the wedge size (for the given
dielectric permittivity) it is possible to vary the delay time be-
Fig. 1. A dielectric wedge antenna with its coordinate system. tween the arrival time of the air wave and that of the wedge

wave. In such a way, the optimal combination of the wedge
) ) ) ) _ size and permittivity can be found so that the second part of the
coupling. Finally, the large physical dimensions of the TEM;r \vave arrives simultaneously with the first part of the wedge
horn (typically its size equals three times the duration of thg,ye and they both add in magnitude. As a result, for a dielec-
pulse multiplied with the velocity of light) cause an additionay;c permittivity of 3.5 an optimal wedge height of 25.25 cm was
problem for application in GPR systems. To overcome these digynd with the aperture of 16 16 cm. With this geometry we
advantages different researchers have attempted to fill a TEMyieved the minimal widening of the radiated pulse together
horn with dielectric. Different antenna designs have been prgith its maximal magnitude.
posed by various authors e.g., [9] and [10]. These designs use afier determining the optimal size (for the given dielectric
dielectric pyramid as a base for the antennas. The metal ﬂa'rﬁo‘éfrmittivity) of the wedge, we investigated the shape of an-
these antennas have a nontapered triangular shape. The antgf{iy’'s metal flairs. The antenna has been considered as a mi-
presented in this article has tapered metal flairs and is based Qqctrip transmission line with slowly varying parameters. The
dielectric wedge. The schematic drawing of this antenna is pi§pss section of the dielectric substrate and the width of the
sented in Fig. 1. metal strip varies with the microstrip line length. The charac-
A prototype of the dielectric wedge antenna is the taperestistic impedance of the microstrip line can be calculated from
TEM horn [12]. The latter was developed based on similgt4]
ideas as the TWIT antenna [13], but the tapering profile of the
metal flairs differ. We decided to improve the performance of {

w —1
2 410,441 4 0,082 (e—1)

this antenna (i.e., to improve antenna matching to the grourih, = 376,687 (2\/5)_1 *1 57 =

to reduce the late-time ringing, to decrease the coupling and .

the sensitivity to external EMI) by placing it on a dielectric + [(5+ 1)} * [1 451 + 1n< w )}} 1)

wedge. A wedge geometry was chosen instead of a pyramidal 2me ' 2h + 0,94

one because of the large value (1P®f the flair angle that

is required for antenna matching to the feeding line. In gherel¥ is the width of the microstrip antlis the thickness of

pyramidal geometry the pyramid vertex angle should be equgk dielectric substrate ards a relative dielectric permittivity

to the flair angle and a pyramid with the vertex angle adfthe substrate. A nonlinear optimization of the microstrip-line

108 would have much larger dimensions and weight thagidth has been carried out in order to achieve a smooth transi-

the wedge. tion of the characteristic impedance of 80to the impedance
We carried out a number of finite-difference time-domaiof a homogeneous space filled with the same dielectric as the

(FDTD) simulations of the wedge itself to investigate the fieldvedge. The goal function was the minimal reflection from each
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Fig. 2. Forward radiation from the wedge (the wedge height is 24.25 cm; the foundation size I61@n; dielectric permittivity equals 4).
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Fig. 3. Flair profile as calculated based on the microstrip-line theory.

cross section of the microstrip line. The resulting flair profile ifast computational time. The demand of minimal computa-
presented in Fig. 3. For this profile minimal reflection from théional time is qualitatively different from the minimal computer
microstrip line has been achieved. storage demanded in a number of previous papers on FDTD
simulations of transient antennas [15].
To reduce the size of computational volume and therefore, to
IIl. EDTD SIMULATION decrease computational time, we used the antenna symmetry.
In fact, only one quarter of the real antenna has been simulated.
To justify the tapering profile and to analyze physical proon the position of the planes of symmetry, electric = 0)
cesses for transient radiation from a new antenna we developed magneti¢z = 0) walls have been introduced. The electric
a fully three-dimensional (3-D) FDTD model of this antenngor magnetic) wall satisfies zero-value boundary conditions
In order to use the FDTD model for antenna optimizatiorior the tangential component of electric (or magnetic) field.
the model must meet two-major demands: high accuracy ahke computational volume is terminated by second-order Mur
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Fig. 4. Surface current on the metal flair as simulated by FDTD.
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Fig. 5. Simulated input impedance of the antenna.

radiation boundary conditions [16] and by electric (magnetiéyre, faster algorithm. The cell size has been chosen such that
walls. During simulation of the antenna above the grourttie maximum distance between adjacent corners of the staircase
the computational volume outside the antenna is filled wiils much smaller than one wavelength (in the dielectric material)
two-homogeneous media, which represent air and ground. gtthe highest frequency of interest for the incident pulse. Partic-
places where the air—ground interface reaches the boundalarly, for the wedge dielectric permittivity of around 4 and the
conditions, simple first-order Mur absorbing boundary condimonocycle pulse with duration of 0.8 ns the cell size of 2.5 mm
tions have been used. has been selected. Such an approach makes it possible to avoid

The FDTD model employs a homogeneous mesh where tfesonance phenomena due to the staircase approximation [15].
computational volume is divided into rectangular parallelepip&drying parameters of the FDTD model (cell size, position of
of equal size. Despite the larger number of cells (in compaabsorbing boundaries, etc.) we achieved that the computational
ison with inhomogeneous meshes, e.g., the “ballooned” mesteimor is substantially below40 dB within the observation time
[15]), such a mesh leads to a computationally simpler and, thevandow.
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Fig. 6. Simulated radiation along the main axis into the ground (solid line) and into the air (dashed line) at the distance of 39 cm from the arte@na apert
Dielectric permittivity of the ground equals 3.5 and the ground conductivity equals 0.005 S/m.
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Fig. 7. Electric field on the main axis inside the antenna at the distance of 9.5 cm from the apex; aperture facing the ground (solid line) andée kejdas

During simulations, the antenna was fed by a current sourthe pulse centre has been delayed by four pulse widths to avoid
placed in the feed point of the antenna between the metal fltie usage of negative times. The influence of the feeding line
and the electrical wall af = 0. The magnitude of the current ishas been modeled by a lumped G&esistor placed in parallel
homogeneous along the source and varies in time as a differatith the feeding current.

tiated Gaussian pulse of the form From FDTD simulations of the complete antenna, we found
that like in the wedge the transient source excites two waves in
Vo (L —4)exp (— (L —4)°+ %) the antenna: the air wave and the wedge wave. The wedge wave
V(t)= NG (2) is definitely not a TEM wave, so the microstrip-line simulation

of the antenna is not fully adequate. However, the flair profile
whereV is the peak-to-peak magnitude of the feeding pulsealculated on the basis of the microstrip-line theory causes no
which is assumed to be equal to 1 V andb the pulse width. reflections from the internal cross sections of the antenna. The
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Fig. 8. Output signal of the 0.8 ns generator. (a) Waveform of the signal and (b) its frequency spectrum.

surface current in the antenna apex is shown in Fig. 4. It canibgpedance remains almost constant in the operational frequency
seen that in the antenna apex the first reflection arrives at dgand of the antenna and varies slightly from(sg 522, while
proximately 3.5 ns after the excitation. This reflection is causele relatively small reactance slowly increases with frequency.
by the reflection from the antenna aperture. Absence of otherRadiation into the ground is the most important specification
reflections justifies the chosen flair profile. From values of thef GPR antennas. The radiated waveform in the near zone within
voltage in the feeding cell and the current in the antenna aptye ground with dielectric permittivity 3.5 and conductivity
we derived the antenna input impedance [17]. The current d®05 S/m is shown in Fig. 6. The waveform is the same as that
to the reflection from the aperture is not taken into account by radiation into air, while the magnitude of the transient pulse is
the determination of the inputimpedance. The frequency depémereased by 1.44 times. Preservation of the radiated waveform
dence of the inputimpedance is presented in Fig. 5. The antetiaa been observed for different types of soil, which shows
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Fig. 9. Measured reflection from the antenna.

stability of the antenna performance in different environmenthaéen excited via a 5@-coaxial line without balun. Unbalanced
conditions. The antenna elevation above the ground does fesding of the antenna did not cause any problems except for a
change the waveform of the main pulse either, while a losspmmon-mode current, reflected from the antenna and propa-
ground in contact with the antenna aperture causes a substag@aéd outside the coaxial line. This current was absorbed by a
decrease of the reflection from the aperture and late-tirseft absorbing material applied around the coaxial line.
antenna ringing. When the antenna touches the ground, th&he transient reflection from the experimental antenna is pre-
reflection from the antenna aperture decreases with respsented in Fig. 9. The signal, shown in Fig. 9 at the time interval
to the radiation into free space. This can be seen in Fig. between 0.5 ns and 1.5 ns, is the reflection from the feed point.
where the electric field within the wedge is plotted. In thi§he waveform of this signal exactly reproduces the waveform
figure the signal between 1 ns and 2.2 ns corresponds to tiféhe incident pulse, which means that the input impedance of
initial radiation, which propagates from the feed point to théhe antenna is close to purely real one. From the value of the
aperture. Placing the antenna on the ground does not chargfiected signal we estimated that the input impedance of the
the magnitude of this signal. The signal between 3 ns aadtenna is equal to 34, which is in a good agreement with the
4 ns is due to the aperture reflection. The magnitude of thieeoretical prediction. Reflection from the aperture takes place
last signal is decreased when the antenna is placed on #h¢he time interval between 4 ns and 6 ns. It can be seen that
ground. This proves a better matching of the antenna to tfee the ground-based antenna the reflection from the aperture is
ground than to the air. considerably less than the reflection from the aperture-air inter-
face. So the matching to the ground is indeed better than that
IV EXPERIMENTAL VERIFICATION to air. For reference purposes, Fig. 9 also contains a curve that
corresponds to the reflection from the open end of the coaxial
Several experimental models of the dielectric wedge antenfieading line. This signal is shown delayed in time to arrive ap-
have been built. The dielectric wedges have been made frpnoximately at the same time as the reflection from the antenna
a single piece of artificial dielectric. The latter represents daed point. Compared to the TWIT77 antenna without resistive
epoxy matrix in which titanium dioxide granules are homaerminated pad [13] the dielectric wedge antenna has a reflec-
geneously distributed. By varying the concentration of th@n from the feed point that is 11-times smaller and a reflection
granules, one can obtain different dielectric permittivity valuefrom the aperture that is two-times smaller.
Ohmic losses of such a material are always very low. SeveralThe radiated waveform measured along the main axis of
wedges with different dielectric permittivities (varying from 3he antenna is shown in Fig. 10. Radiation from the antenna
to 7) have been produced. Some measurement results forihe been measured by means of a home-made ultra-wideband
dielectric wedge antenna with = 3.5 and ohmic losses lesssensor [18], which enables retrieval of the waveform and
than 0.001 S/m are presented below. the absolute value of the incident electric field. The radiated
A monocycle generator with a pulse duration of 0.8 ns hgsilse consists of contributions from several waves. First, an
been used in the measurements. The waveform of the geradr-wave contribution is observed at the time interval from
ator output is presented in Fig. 8(a), while the normalized spez0 ns to 2.8 ns. This wave propagates outside the dielectric
trum of the pulse is presented in Fig. 8(b). The antenna hasdge and thus arrives earlier at the observation point. Second,
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Fig. 10. Radiation from the dielectric wedge antenna into air (solid line: experimental data; dashed line: FDTD simulation). The observasiaityetied 39
cm from the aperture on the main axis of the antenna.
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Fig. 11. Elevation profile of the dielectric wedge antenna above sandy ground. The EM field sensor is buried 16 cm beneath the sand surface.

the main pulse arrives at the interval from 2.6 ns till 3.4 nsyvave reflected from the aperture propagates along the feeding
and is similar to the derivative of the exciting voltage. Shotine as a common mode current and transfers energy away from
time ringing due to the diffraction on the aperture is observede antenna. Since the latter phenomenon is neglected in the
from 3.4 ns to 4.3 ns. Finally, at times from 5.5 ns to 7 ns thteoretical model, the comparison with the experiment shows
re-radiated reflection from the aperture can be observed.it8 importance.

good agreement between theoretical and experimental result¥he radiation of the dielectric wedge antenna into the ground
can be seen throughout except for the late time ringing (betwdsas been measured in GPR antenna test ranges, developed in
5.2 ns and 6.2 ns). This is due to the discrepancy between IRETR [19]. Two different test ranges have been used: indoor
theoretical model in that the feeding line is modeled as &50+est range with dry sand (Figs. 11 and 14) and outdoor test range
resistor and the experimental model, in which a part of thwith slightly wet sand (Figs. 12 and 13). The signatures (re-
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Fig. 12. The sensor’s response in the sandy ground to antenna radiation (solid line: dielectric wedge antenna; dashed line: air-filled tapergd THeMENM
field sensor is buried 17.5 cm beneath the sand surface.

sponses of an EM sensor buried in the sand) of the dielect _T' B | T & ol R o a
wedge antenna for different elevations above the groundareg " | AT TR )
sented in Fig. 11. In order to detect changes in waveforms l { r/ B L
shifted all signatures in time to compensate for the time del | | n: \ | =0
due to propagation. It can be observed that the main part of 1 i R /
signal as well as the early ringing remains stable for any anter
elevation above the ground. This proves the stability of the a ¢
tenna performance for different environments. The comparis §
between radiation into the ground of an “air-filled” TEM horr ?},20. \
antenna [12] and of the dielectric wedge antenna is presente:
Fig. 12. Both antennas have been fed with the same gener: | \. % Y
and measured under the same conditions. It can be seentha | \ 20 /1
magnitude of the signal radiated by the dielectric wedge anter e _//
is 1.48 times larger than that radiated by the “air-filled” TEN .40 e s
horn. Relative magnitude of the late-time ringing (with respe e <
to the main pulse magnitude) by the dielectric wedge antenn w @ 2 00 10 2 %
2.5 times smaller than that by the “air-filled” TEM horn. restonient

For GPR antennas, one must know the spatial distribution IQ&. 13. Antenna footprint (in dB) in the sand measured at the depth 17.5 cm.
the maximal value of the radiated signal in the near field duringje antenna is elevated 1 cm above the ground.
the whole observation time (footprint). Such a footprint (in deci-
bels normalized to the maximal value in copolarization) is préigher than that of the generator output. Interference between
sented in Fig. 13. The footprint has been measured at an antetigeair wave and the wedge wave can be seen at the figures.
elevation of 1 cm above the ground. Because the whole footprintFinally the coupling between two- identical dielectric wedge
measurement takes a lot of time, only a part has been measuaedennas has been measured. As we expected in advance, the
The lines of equal magnitudes of thecomponent of the elec- dielectric filling has decreased coupling between Tx and Rx
tric field have an elliptical shape with a shorter axis along the &tennas in the antenna system (Fig. 15). Direct coupling from
plane. The ellipse main axes equal 30 cm and 35 cm at the lethed feed point of the Tx antenna to the feed point of the Rx
of —10 dB. In the part of the footprint limited by the level ofantenna is observed at the time interval from 1 ns to 2 ns.
—10 dB, the radiated waveform is similar to the waveform me&etween 2.5 ns and 7.2 ns, aperture coupling is observed.
sured in the far field. The space-frequency representations of fifee duration of the coupling between two dielectric wedge
radiated field in E plane and in H plane as measured in the santtennas is the same as that of the conventional TEM horns.
are presented in Fig. 14. It can be seen that the footprint size Hewever, the magnitude of the coupling is 2.2 times smaller
creases linearly with the increase of frequency. The maximuand corresponds to the antenna isolation level belci2 dB
of the radiated field spectrum is observed at 1.3 GHz, whichugthin the feeding pulse bandwidth.
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Fig. 14. Space frequency characterization of the antenna radiation into sand (a) E-plane and (b) H-plane. Spectral content is shown in |aderiliheiESt
field sensor is buried 16 cm beneath the sand surface.

V. DISCUSSIONS ANDCONCLUSION Despite the tapered flair profile, the reflection from the

A new modification of the TEM-hormn antenna has bee%?rture still causes some late-time ringing of the antenna

developed for GPR applications. The antenna is based

a dielectric wedge and therefore, was named the dielectric - . . . .
wedge antenna. The metal flairs were tapered to match figg!stive terminating pads [11], [13], improving the tapering
ofile or loading the antenna with a lossy dielectric material),

antenna to the ground and to reduce the late-time ringing. i . Do K

The size (for a given dielectric permittivity) of the wedg owever a comparative analysis of these possibilities lies outside
ﬁge scope of this paper and will be reported elsewhere.

ahe air wave, which propagates outside the wedge, causes

out 6% from the magnitude of the main pulse). There are
Ifferent possibilities to reduce this late-time ringing (e.g.,

radiated pulse. The tapering profile has been calculated base in the durati f the radiated oul d a decl
on a simple microstrip-line model and has been justified Increase in the duration of the radiated puise and a decline

means of 3-D FDTD simulation. We verified our theoretical f the leading edge of the pulse. This wave can be effectively

design using experimental prototypes. We found experimentaﬁ ppress_,ed b_y dle_:lectrlg loaing of the antenn_a. CO\_/ermg b.Oth
that the dielectric wedge antenna radiates a 1.48 times lar ?tal flairs with dielectric slabs of the same dielectric permit-

pulse into the sandy halfspace, possesses 2.5 times sm Yy as the dielectric permittivity of the wedge considerably
magnitude of the re-radiated r'eflection from the apertur educes the contribution of the air wave in the intermediate and
provides 2.2 times smaller coupling in the antenna system, ﬁi zones. The developed FDTD model of the antenna has shown

finally, is approximately two-times smaller than the taperett? Tﬁ a duseflul togl fortfurther antt()enna Oé)t'mlzatlo?'" f
“air-filled” TEM horn (designed for radiation of same pulses € developed antenna can be used successiully for a con-

in free space). The dielectric wedge antenna has showrY tional GPR if the Tx—Rx antennas are in direct contact

stable performance for different elevations above the grouiﬂv d the g(rjm:ndt._ Howe\t/er, In a}ppllgatlonsbsuchthas those dfo_r
and low sensitivity to external EMI. andmine detection, antenna elevation (above the ground) is
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Frequency [GHz]

-60, -40, -20, 0, 20, 40, 60,
Displacement [cm]

(b)

Fig. 14. Continued) Space frequency characterization of the antenna radiation into sand (a) E-plane and (b) H-plane. Spectral content is shown in logarithmic
scale. The EM field sensor is buried 16 cm beneath the sand surface.

150 T T T T T T T

direct coupling between
feed points

Signal amplitude [mV]

100 ; ; ; i ; ‘. i
0 1 2 3 4 5 6 7 8
Time [ns]

Fig. 15. Coupling in air between two dielectric wedge antennas excited by 0.8 ns monocycle with 50 V peak-to-peak amplitude. Separation batag&h anten
30 cm.
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necessary. It was found that the developed antenna can be ugeg H. A. Wheeler, “Transmission-line properties of parallel strips sepa-
in this case as well, because the antenna radiates short pulses rated by a dielectric sheeffrans. IEEE Microwave Theory Teghol.

with relatively small ringing not only into the ground, but also
into the air. In such a case a dielectric lens attached to the a

MTT-13, pp. 172-185, Mar. 1965.
I;15] K. L. Schlager, G. S. Smith, and J. G. Maloney, “Optimization of bow-tie
- antenna for pulse radiationlEEE Trans. Antennas Propagavol. 42,

tenna aperture improves its performance. The dielectric wedge pp. 975-982, July 1994.
antenna has been used successfully as a transmit antennallf] G.Mur, “Total-field absorbing boundary conditions for the time-domain

a novel antenna configuration within a GPR system designed

electromagnetic field equations|EEE Trans. Electromagn.Compat.
vol. 40, pp. 100-102, May 1998.

for Igndmi_ne d_eteCtion [20]. qutly due to this Sp?CifiC antenﬁ%?] R. Luebbers and K. Kunz, “Finite difference time domain calculations
configuration, it became possible to produce high-resolution  of antenna mutual couplingJEEE Trans. Electromagn. Compatol.
images of surface and subsurface objects, which allowed deteg- 34 Pp. 357-359, Aug. 1992.

tion and sometimes visual classification of different anti—tank[181

A. G. Yarovoy, R. V. de Jongh, and L. P. Ligthart, “Ultra-wideband
sensor for electromagnetic field measurements in time domgieg-

and anti-personnel mines [21]. tron. Lett, vol. 36, no. 20, pp. 1679-1680, Sept. 2000.

[19] R.V.de Jongh, A. G. Yarovoy, and L. P. Ligthart, “Experimental set-up
for measurement of GPR antennaradiation pattern®fae. 28th Euro-
pean Microwave Confvol. 2, Amsterdam, Oct. 6-8, 1998, pp. 539-543.
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