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ABSTRACT

At TNO-FEL, one of fhe research progmms is to explore
the use of ultra-wideband (UWB) electromagnetic fields
in a bi-static ground-penetrating radar (GPR) system for
the detection, location and identification of buried items
ofunexploded ordnance (e.g. land mines). In the present
paper we describe the current status of the development
of this system.

The UWB ground-penetrating radar system is designed
to operate in the frequency band from 200IÙ{Hz to 3 GHz
and uses impulse radiating antennas (IRAs) as transpon-
ders to radiate and receive very shof electromagnetic
pulses from a short distance above the soil. The radi-
ation IRA is driven by a pulse generator witl¡ a dou-
ble exponential voløge waveform with a pulse rise time
of 90ps, a pulse width (FWHM) of 3ns and a peak pos-
itive amplitude of 9kV. The receiving IRA is similar to
the t¡ansmitting IRA and is connected to a receiving unit
which comprises of an attenuator, time gate switch, trig-
ger delay generator and a sampling oscilloscope A per-
sonal computer is used to conEol the equipment. Finally,
we present some results recorded at ou¡ full-size experi-
menting and testing facility.

SYSTEMDF^SIGN

To design an UWB GPR system for detection, location
and identification of land-minesthe followingpoins have
to be successfully combined.

. generation of UWB EM field (i.e. source)
¡ radiation of LIWB EM field (i.e. antenna)
r characterization of the soil and air/earth interface
o reception and synthesis ofscattered fields
o signal processing techniques and identification of

objects
¡ controlledexperimental/testenvironment

An overview of the overall system concept is shown in
figure 1. The target volume is illuminated by an ultra-
wideband electromagnetic fiel{ with an angle of inci-
dence chosen to maximize energy transmission into the
ground, whilst minimizing reflection from the ground/air

FIGURE 1 - Schematicblockdiagramof ageneric UWB
GPR system

interface. Presently, the main interest is in objects vary-
ing in size from about5 cm up to ca. 75 cm.In air this cor-
responds to wavelengths of 15m to 0.1m. Consequently
the frequencyrange of interestextends from 200MHz up
to3GHz.

Ttre principal goal is fo perform the needed analytical
and design work to support the construction of an

experimentaUtest facility, where targets can be buried in
a sand medium and illuminated by an ultra-wideband
electromagnetic field. The scatfered fields have to be

observed and diagnosed for the purpqse of building an
electronic database containing the responses of a large
number of buried objecrc.

Generation of tIlVB EM felds

For our UWB GPR system it was decided to use a solid
state pulse generator with a double exponential voltage
waveforrn. Such a wavefoml can be modeled by,

v(t) :uo{æp!gt) -exp(-øt)}u(t), (1)

with Ve, a and þ lmown constants, a >> P and u(ú) the
Heaviside step function. In ou¡ ca.se the parameters are

Vo :9.635kV, (2)

a : 2 .1010 s-rand Ð : 2.5. 108 s-r. (3)

This gives rise to the following Fourier spectrum,

Since the magnirude of the far
to the derivative of the voltage

iç¡r¡:"1# 1l
7,'+")' (4)

field is proportional
waveform, a better



radiated spectrum (enhanced bandwidth) is obrained
when compared to sinusoidal mono-cycles. The pulser is
desigled to drive a 50O load, is fully prorected against
open and shortcircuit londs a¡rd has a pulse repetition
frequency of I kHz. The pulse has a lOVo to 9O% nse
time of about 100ps and a full-width half-maximum
(FWHM) time of 3 ns.

Radiationof UWB EM fields

Many commercially available wideband antennas have
poor performance when it comes to radiating very short
pulses. Part of the UWB GPR system design enailed
the design of an IRA for ground penetrating radâr
applications. The upper frequency limit fu*", of such
an antenna is determined by the pulse rise fime ú¡r¿
while the lower frequency limit lt^o", s determined by
the dimensions of the reflecting dish. pulse rise times of
25ps and upper frequenry limits of 2OGHz have been
demonstrated in IRA designs. Experiments have shown
that an antenna with a 4m reflecting dish and a 6OkV
switch with a 85ps rise time has a bandwidth extending
from 35MHz ¿o 4GHz wirh a ñeld stength of 4kV/m
at 300m. The frequency range of interest in our case is
f¡om about 200MHz to 3 GHz. Hence the diameterof the
reflecting dish was proposed to be in the order of I m.

Soil characterization

Electromagnetic waves are dampened considerably when
traveling through a medium with a conductivigl greater
than zero. In our experimental set-up fhe angle of in-
cidence and incident polarization are choñen such as to
maximize the energy transfer from the transmitter into the
ground. This is based on the technique of pulse match-
ing into fhe ground developed in tlOl, for vertical po-
larization. If frequencies are much larger than the relax-
ation frequency of the ground (Ír"to, : o/e), there is
an angle of incidence at which fhere is very little re-
flection of the incident wave from the air/ground inter-
face. This is called the high-frequency Brewster angle.
For / )) Ír"h, it can be shown that reflection is mini-
mal (theoretically zero) when,

tu(rþn): tfe* (5)

When o : 0.01 S/m and e, = 10, then the relaxation
frequency of the ground /" etøa : LLSMflz. Hence when
the conductivity ø ( 0.01S/m, which is quite rypical,
the radiated spectrum of the IRA will be transmitted
into the ground with minimum reflection. The next table
shows some examples of high-frequency B¡ewster angles
at various values of permittivify.

e7 2 4 6 8 l0
tþp 54.73" 63.42" 67.79o 70.53. 72.45"

Reception and synthesis of scattered fields

The receiving system consist of:
¡ receiving antenn4 similar to transmitting antenna;
. processing unit (data acquisition).

The processing unit has to perform two tasks:

¡ recording and preprocessing the incoming signal,
reducing noise, clutter and distortion caused by the
signal path;

o perform some signal processing on the scattered
field in order to be able to identify the bu¡ied
objects.

Data acquisition and processing is done by a sampling
(digitizing) oscilloscope able to perfomr measurements
on signals with bandwidth of up ro 20 GHz. The input sig-
nal cannot be measured reliably at just one instance,
which is why a sampling oscilloscope employs a repeti-
tive sampling architecture. This in turn requires the trans-
mined pulse to be repetitive as well. Arithmetic aver-
aging of the repetitive input signal can signiñcantly re-
duce the noise (andjitter) on the received scattered feld
signal. Gating allows isolation of the part of the sig-
nal due to the buried objects.

SignåI processing and identifi cation

Until 1980, almost all of the work in the field of ground-
penehating radar was directed towards the defection of
buried objecs. Only very few attempted the problem of
target identification (or classification), which is a problem
far more severe than the identification of aerospace
taryets by conventional radars where the target can
liærally be seen and the cless of false targets is limited
in scope. Underground fhe¡e are va¡ieties of undesired
targets that complicate fhe task. Furthermore, the ground
medium involved, is uzually loss¡ inhomogeneous and
elecfically weather-dependent. These problems, together
with the presence of the air-ground interface, makes the
task of subsurface target identification truly fomtidable.

It was suggested by some authors that the so-called singu-
larity expansion method (SEM) is one of rhe few meth-
ods capable of performing identification of objecrs [2].
This method is ba.sed on the theoretical observation that
all objects have natural resonant frequencies that de-
pend on their size, shape and the material decomposition
only and not on the orientation of the object or on the di-
rection of the incoming field. \Vhen a targer is hit by a
short electromagaetic pulse, the target will "ring" and ra-
diafe a scattered field that contains as prominent con-
stituents a set of damped sinusoids. These sinusoids rep-
resent the natural resonant frequencies. The bandwidth
of the ultra-wideband system must be large enough to
cover all the resonant frequencies of interest. The SEM
will be exploited in the current problem of classifica-
tion of the buried object for the calculation ofthe inter-
nal resonances of fhe buried object by processing the re-
flections or backscattering from ttre objects. Some ini-
tial analysis with synthetic daø has already been per-
formed [].

DESIGN AND CONSTRUCTION OF AN IRA

The paraboloidal reflector antenna fed by a pyramidal
horn has found wide-spread application in radar and



cornmunication engineering. The reflector anfenna also
has very useful cha¡acteristics when it is fed by nvo
or four conductor transmission lines- A dispersion-less
wideband antenna with a nearly flat radiating spectrum
is desi¡able for short pulse applications. Tl¡e ¡eflector
IRA employs a paraboloidnl reflector fed by TEM lines

[11, l2], and is an example of an aperture antenna It
is well known that the radiated field from an apeffure
antenna consists of a spatial integration of the aperture
fields over the aperture, while the temporal behaviour
of the apernre field is differentiated in the fa¡ field.
In a practical situation, the illuminating field or the
aperture field is a double exponential waveform and the
radiated field then becomes iurpulse-like with a very large
bandwidth ratio. The reflector IRA under consideration
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The desi¡ed rise time of 100ps implies an upper 3dB
frequency of 3.5 GHz which gives rise to wavelengths in
air of 85.7 mm. The surface tolerance of the reflector is
small compared to the shortest wavelength and hence it
is acceptable.

Next, we look at an estimation of boresight waveforrns.
For analysis püposes, one could consider a single (two
conductor) coplanar feed, although in practice we used
two such feed lines connected in parallel for a more uni-
form illumination of the reflector (see fig. 2). When the
reflectorIRA was originally proposed [5], the boresight
radiation was predicted to consist of a feed step followed
by an impulse-like behaviour. It was also shown that the
total area under these two pafts of the radiated wave-
form (i.e. prepulse plus impulse) is zero. This means,
that there is no DC component in the radiated wave-
forrn consisting of the prepulse and the impulse. This ñ¡r-
ther implies that the portion of the radiated waveform af-
ter the impulse must have înet zero area in itself. The
post impulse portion consists of diffracted signals from
the feed plate and the circula¡ rim of the paraboloidal re-
flector. A more recent analysis [6] has extended this re-
sult by chronologically considering the various tempo-
ral elements of thc boresight radiation, which is illus-
trated in figure 3. Let us aÍ¡s¡ume that the voltage pulse
generator is switched on at ú : 0, and the observer is at
a distance r(: z) to the right of the focal point of the
paraboloid. These temporal elemenfs are:

r Prepulse:feedstepJgsr(r,ú)

¡ Main pulse: impulse Eyz(r,t)
r Posþulse:

feedplate diffraction: E ys(r, t) (acnrally this
consists of fwo parts originating form the
plare edge (3a) and the plate irself (3b))

edge diffraction f¡om circular rim of the
reflecûor, Esúr,t)

r Entire pulse constraints: low-frequency dipole mo-
ment radiation and no radiation 
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FIGURE 2 - An illustration of a reflector fed by a pair of
coplanar conical TEM lines.

consists of a paraboloidql reflector fed by two pairs of
coplanar feed plates as illustrated in figure 2. Coplanar
feedplares are chosen over the more conventionalfacing-
plate geomery to minimize the apernue blockage effects.
To reduce the aperture blockage, the feed plates are
required to be na¡row, resulting in feed im@ances of
several hundreds of Ohms. The 400 O lines are connected
in parallel resulting in a net feed impedance of 200 O. The
aperture area should be as large as practically possible,
since the far field.Ef is proportional to the square root of
this area for a constant voltage at the feed. The magnitude
of the fa¡ field is proportional to fhe aperture area for a
constant aperture field. The pulse generator has to be of
the differential typ" to avoid common mode cu¡rents on
the feed plaæs, which could distof the desired features in
the far field. The driving voltage is Iz(ú) : (Vsl2)u(t),
where I/s is already defined in eqn. 2. Since El x
ôVIAL it is desirable to rnaximize this rare of rise of the
incident field or the voltage pulse-

TWo identical reflectors were manufactu¡ed with the
followin g characteri stics.

o one piece, spun aluminum, paraboloidal surface
diameterD:900mm
focallength^t':337.5mm
profile accuracy ( 1.5mm

Í¿: F/D: 0.375

tLl phb.dgr dlüælo

FIGURE 3 - On-axis radiation from a canonical reflector
IRA.
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The far nercÉr (? ,ú) is given by,

.-J
EI (7,t) : luao(r,t), where

4

Er(r,t):l4oi(r,t) tl>
i:r

* low-frequency ¡adiation
from dipole moments re-
sulting in time-integral con-
strains on entire pulse.

Detailed, closed-form expressions for the componenß
Esi(r,t) in the above expression, are available in [7]. The
results of eqn. 6 is illustrated in fig. 3- fire time-integral
constraints imposed by the low-frequencyradiation are,

Ð fhe complete fi¡st-time inægral of the radiated
waveform must be zero, and

iÐ the second- ime inægral must be propofional to
the late-time dipole moments.

Feed plates, terninating and matcìing

The feedplates form aparallel combination of 2 x 400O
conical TEM lines, giving the IRA an input impedance
of 200 O. Matching to the 50 O pulse source is done by
means of a balun. Suiable high-frequency, high-voltage,
and high-impedance cables are difficult ro find. Finally a
100 O flexible cable with a PTFE dielecric was chosen.
The latþr is bound to introducc some dispersion, however
the cable can be replaced by a better one in the ñ¡¡¡re.
Terminiation of each feed plate at the dish edge consists
of a nef DC impedance of 200 O. The insulxing spacer
is a high density polyethylene slab the dimensions of
which are opúmised experimentally. Capacitance of the
slab is trimmed by drilling holes (tuned with heþ of TDR
measurements at the antenna temrinal). The Terminating
resisfor network, consist of a series-parallel network (5
by 5) of lW 2000 carbon composite resistors of lO%
tolerance. Thus total heat dissipation is not a problem.
Since the length of the resistor chain is ) lOcm, the
voltage stand-off (in the order of lOkV/cm) is not seen
fo be a problem either.

Farfield of the IRA

If an apernre antcnna of diameter D is illuminated by a
CW field of frequency J, then the far field is determined
by the distance r such thaÇ

2D2r)T'
which is obtained by requiring rhar A,' < (À/16) where
A, is tlre path difference of the eÅge ray and the central
ray from aperture to observer. For pulsed antennas we
define a clear time t" : Ar/cand we associate far field
conditions at a distance where ú" < úri*, in which ü,i..
denotes the rise time of the incident pulse at the aperture.
It is verified that

TABLE I - Clear üme ú, for a reflector diameter
0.9m with respect to distance

" 4" t": Arf c
(in m) (in mm) (in ps) '

1_0 96 320.0
2.0 50 16tr-6

2.5 40 133.3

D_
(6)

3.0
35

33 110.0
29 96.6

(8)

4.0 2s 83.3

5.0 20 66.6
8.0 12 40.0

10.0 l0 33.3

Requiring that ú" ( úr¡", it is observed from table I that
the observation point has to be greater than 8m, to be in
the far field, by a comparison of the cle¿r time with the
rise time of l00ps. The radiated fields on the bore-sight
are known in closed form in the fa¡ field [5, 6,7,8,9].
More recently, Russian researchers [14] have worked out
near and far ñeld expressions of the E-field on the bore-
sight of an IRA. Using these expressions, we have es-
timated the on-axis E-field at various distances in the
near and far ñeld of the antenna. This is the subject of
the next zubsection. Although 8m is the minimum dis-
tance to be in the far field, the actual experimenS of il-
luminating targets can be performed at shorter distances
in the near field. The pulse is broader and has more
low-frequency components in the near field. In fact, very
near the antenna, for example at the feed poin! the elec-
tic field is similar to the voltage pulse which is a dou-
ble exlnnential waveform. The differentiation occu¡s in
the far field and the transformation f¡om near to far field
is gradual and not abrupt. This transformation can be
experimentally observed by measuring the electromag-
netic field on-axis, as one moves away from the fo-
cal region. These values have been experimentally veri-

TABLE 2 - Near field and far field characteristics of fhe
IRA (bore-sight)

clear time 66ps 33.3ps
prepulse -?55Ylm -l27Ylm
prepulse du¡ation 2.25ns 2.25ns
impulse peak 5.9kV/m 3.8kV/m
impulse du¡ation 85 ps 60ps

fied during initial mea.surements and compare favourably
with the above table. Expressions for fhe radiated spec-
trum are available in literature as mentioned earlier. Cal-
culations for ou¡ IRA results in the values tabulated in ta-
ble 3. Mea^su¡ements indicate that due to practical restric-
tions the actual performance is not quite as good as theo-
retically expected.

t_
bC 
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TABLE 3 - Calculated bore-sight values fo¡ a dista¡ce
E=10m

l, (3dB) = 80MHz
f" = lOGHz
BW-ratio = 125

decades = 2.097

UWB GPR EXPERIMENTAL FACILITY

To perform experiments i¡ a confrolled envi¡onment, a

full scale experímentaVtest facility was erected on the
premises of TNO-FEL. This facílity has been developed

in cooperation with the Delft University of Technology
and will be used to illuminate objects buried in a realistic
sa¡d medium with arr ult¡a-wideband electromagnetic
field. The electromagnetic field scattered by the buried
object has to be recorded and diagnosed for the benefit of
developing a computer database containing the responses

of a large number of potential targets (i.e. land-mines
etc.).

The experimental facility consists of a buried wooden
box. The dimensions of this box a¡e 10m x lOm wide
and 3 m deep. Special ca¡e has been taken not to use any
metal parts in the construction of the box o¡ in the vícinity
tlereof. The sand-box is filled with clea¡r homogeneous
river sand. ln order to keep the condition of the sand

in the box optimal and to prevent pollution from the
outside (for exarnple ground water) entering the box, a

drainage system was installed and the inside of the box
was covered with a watertight plastic lining. To prevent
the weather from ínfluencing the test conditions and to
protect the measuring equipment alarge tent covers the
entire site. While filling the box with sand, special care
was taken to get a homogeneous profile. Cu¡rent tests

indicate that this was not entirely successful but should
be good enough to work with. Later on we might choose
to empty the box and refill it with a grouud (soil) of a

different composition. To faciïtate the measurement of
EM transmissions into the ground a square PVC tube
running f¡om the surface of one side to the bottom of the
othe¡ side has been installed about one mete¡ from the
edge of the sand-box.

EXPERIMENTAL REST]ETS

I-u this section we present results obtained f¡om a¡ AT-
mine located on the surface (sand) at tfie experimental
faciltty previously described. We have stacked the data to
reduce the influence of noise. Fo¡ each A-scan we have
used I pulses. An example of such an A-scan is shown
in figure 5. The B-scan is presented in figure 6, in which
one can easily see the presence of the Almine. The B-
sca¡ sta¡ts 2 mbefore and stops 2 m alter the mine. lt is
noted that for the sake of symplicity we have moved the
mine instead of the a¡ltennas. ln this experiment, we have
used arhorizontal hcrements of 2 cm.

FIGURE 4 - The lRAs mounted on A-frames at the UWB
GPR experimental facility.

I 85e{7 1 7.47 f 75c07 1 0ñ7 1 85e.07 1 gc07 1 95}07 2e.o7

FIGURE 5 - A-scan of an Al-mine recordedby the UWB
GPR system descibed
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FIGURE 6 - B-sca¡ of an Al-mi¡e recorded by the UrilB
GPR system descibed
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Inl il-'WB GPR svsrern developed at TNO-FEL offers
a versatile and open experimental plaform for imple-
menting signal processing algorithms for mine detection
and identification. The sand-box test faciliry plays a cru-
cial part in the evaluation of the system. The experimen-
tal results recently obtained shows that the design spec-
ification and theoretical projections are sufficiently sat-
isfied. The mechanical structure of the IRA is some-
what delicate, especially in the feeding point. Neverthe-
less, we feel that the main advantages of the IRA are
the ultra wide bandwidth, fast rise time and high en-
ergy bandwidth that are favou¡able for detection and clas-
sification of buried objects. The singularity expansion
method (SEM) was tried on synthetic data and promisses
to be a powerful tool in the identification of landmine sig-
natures. SEM along with other algorithms will be imple-
mented and evaluated on the TNO-FEL UW.B GPR sys-
tem in the near future.
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