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Abstract— Two Kkinds of signal processing techniques for
ground penetrating radar (GPR) are applied to measured GPR
data in order to improve performance of target identification.
One is the method for removing strong ground clutter that
covers a weak target response in time domain, and the other is
the calibration procedure of GPR response for removing
undesirable waveform distortion that is caused by frequency
characteristics of antennas. Application result demonstrates that
the signal processing techniques employed here give good
performance and are effective for extraction of target response
from measured GPR data.

1. INTRODUCTION

Ultra-wideband ground penetrating radar (GPR) system is
one of the major tools for detection and localization of buried
objects [1]. Especially, the localization of buried anti-
personnel landmines is one of the well-known applications of
GPR system. Compared with conventional metal detectors,
GPR has the advantage of detecting plastic or low-metal-
content landmines. However, reliability of GPR is still
insufficient when it is applied to locating shallowly buried
landmines, because a strong ground clutter covers a weak
target response in time domain. Therefore, signal processing
for removing the ground clutter without damaging the target
response is needed. Another cause that reduces reliability of
GPR is waveform distortion that is caused by frequency
characteristics of antennas. For accurate target identification
using GPR system, feature extraction from a target response is
the most important part because quality of features extracted
from the target response directly affects the identification
performance. For feature extraction in time domain, a
monocycle incident pulse with sharp peaks and narrow width
is convenient. In actual situation, however, the pulse

waveform is distorted by frequency characteristics of antennas.

In order to obtain a pulse response with no distortion,
waveform calibration that can reconstruct the pulse waveform
is needed.

In our previous study, we proposed two kinds of signal
processing techniques for GPR data in order to improve target
detection and identification performance [2],[3]. One is the
method for removing ground clutter that covers a target
response [2], and the other is the calibration procedure of GPR
response for removing undesirable waveform distortion that is
caused by antenna characteristics and mutual coupling

between the antennas and the ground surface [3]. The purpose
of this study is to apply these signal processing techniques to
actual measured GPR data and to demonstrate its effectiveness.
Application result shows that the signal processing techniques
used here have good performance and are significant and
essential for target response extraction from measured GPR
data.

II. SIGNAL PROCESSING FOR GPR DATA

The GPR measurement system considered in this study is
shown in Fig. 1. Since we assume that the location of the
buried object is already specified by a preliminary search, we
focus on a problem of target identification using the GPR
response. For convenience, we shall explain again the signal
processing methods proposed in our previous studies [2], [3].
The following descriptions are from [2] and [3].

A. Matching Pursuit for Ground Clutter Reduction [2]

For ground clutter removal, we introduce the Mating
Pursuit algorism that is first proposed by Mallat and Zhang [4].
The Matching Pursuit iteratively decomposes any signal f'(¢)
into a linear expansion of non-orthogonal waveforms that are
selected from a redundant dictionary of functions expressed
by: D ={g,(¢):y € I'}, where y denotes a general index from
the set /. This algorithm projects a given waveform onto each
element in D and selects the element that gives largest
projection. The selected component is subtracted from the
signal, and this procedure is then repeated on the remaining
waveform until the residual energy of the remaining
waveform is below some threshold or until some other halting
criterion is met. In the first step of the iterative procedure, the
function g, is chosen which gives the largest projection with
the given signal f(¢) as follows:

=<1, gy >gpO+R [(1).

()
I<f.gpn>l2I<f g, > Vg, €D

where < f, g >1is the continuous inner product of functions
f(t) and g(¢). Then the residual vector R'f obtained after
approximating f in the direction g is decomposed in the
similar way. The iterative procedure is repeated and the
following Matching Pursuit decomposition is obtained after M
iterations,
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It is noted that this decomposition procedure is independent of
the dictionary that is employed. If the dictionary of function is
properly chosen, then the linear combination of the first M
terms gives a good approximation of the signal f(¢), and this
means that selection of the dictionary function is important for
efficient extraction of desired signal. As an atom that is a
fundamental element of the dictionary, we here employ an
incident pulse or a reflected wave from a flat ground surface.
Taking account of scattering mechanisms of electromagnetic
waves by various targets, we introduce a wave-based
dictionary [5] whose elements are distorted atoms given by

2

g, == X(@): (o)’ expljg)-expl o - o)ldo
T
7 =Ir. .91 3

where X (w) represents spectrum of the atom, 7, f,and ¢ are
shift, derivative, and phase parameters, respectively. By using
this dictionary, we can effectively extract the ground surface
reflection from the GPR data.

B. Waveform Calibration Using an Inverse Filter [3]

As shown in Fig. 1, the target response from the buried
object in shallow depth is measured together with the ground
clutter and the direct wave between the transmitting and the
receiving antennas. A signal flow graph of the measurement
can be expressed in terms of transfer functions as illustrated in
Fig. 2. Thus, the received signal can be expressed as:

G(o)=Hg(0)H y (0) H o (0) H |,y (0) H o (0) F (@)
+ HRr (a)) Hpsf (a)) Hsu}jf (60) Hpsb (a)) HTx (a)) F(w)
+ Hp (0)H ., (@) Hrp, (0) F(w) 4)

where Hr, and Hy, are transfer functions of transmitting and

crs
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Fig. 1. Measurement of GPR signals from
a shallowly buried object.

receiving antennas, Hy,, and H,,, are transfer functions of
scattering by the target and the ground surface, H, Hpw, Hpyp;
and H,y are transfer functions of forward and backward
propagation between the antennas and the target or the ground
surface. The transfer function H,,, represents antenna coupling,
and F and G are spectra of incident and received pulses,
respectively. The first term on the right-hand side of Eq. (4) is
the target response, the second is the ground clutter, and the
third is the direct wave travelling from the transmitting
antenna to the receiving antenna.

Since an S parameter measured by a vector network
analyzer corresponds to the transfer function of the entire
scattering system, we can express the entire transfer function
Siarg of this measurement as follows:

Starg = HANT (CU) Hptt (60) Htarg (CU) (5)
+ HANT (a)) Hpst ((()) Hsurf (CO) + HANT (CO) Hcrs (6())

where the functions H ,, (= H ,, H 1) » H (= H 0 H ) ,
and H ,yp(= Hp Hp,) are introduced in order to make the
expression simple. Since the third term of Eq. (5) is a direct
wave travelling from the transmitting antenna to the receiving
antennas, it can be easily determined from the response S .,
that is the S parameter measured in free space (without any
targets) expressed as:

Sfree = HANT (0)) Hcrs (0)) (6)
After subtracting the direct wave from Eq. (5), we have the
following expression:

Starg - Sfree = HANT (a)) Hptt (0)) Htarg (a)) (7)
+ HANT (w) Hpst (a)) Hsmff (w)

In order to remove the effect of the antenna characteristics
H ;7 that causes undesirable waveform distortion, we design
an inverse filter that can eliminate the antenna characteristics.
As a reference data for calibration, we employ an S parameter
Squr that corresponds to a reflection from a flat ground
surface. This can be obtained from a simple additional
measurement and is expressed as follows:

Esurf = HANT (a)) Epst (60) ﬁsurf (CD) + HANT (w) Hcrs (CD) (8)

where H surf 18 @ complex scattering amplitude of the response

Hp[/'(w) . Htarg (Cl)) —] Hptb (w) =

G(w)

D
UV

Hp (0)

Hpsf (w) 1 Hsurf(w) > Hpsb (w)

Hcrs (w)

Fig. 2. Signal flow graph of the measurement expressed in terms of the transfer functions.
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from the flat ground surface, and H pst 18 @ transfer function
which corresponds to round-trip propagation between two
antennas and the ground surface. After subtracting the direct
wave S 4, from Eq. (9), we can obtain the following inverse
filter expressed as:

_ 1
HA}\/T (w)==

— S ﬁpst (a)) ﬁsu}_’f (a)) (9)
surf free

The scattering amplitude H surr corresponds to the Fresnel
reflection coefficient, and if we assume that it is constant in
our operation frequency band, then the following expression
can be obtained:
N —-A iy
H jyp (@) = =————e /"

(10)
surf Sfree

where 4 is a positive constant and ¢, corresponds to the delay
time needed for the pulse to travel back and forth between the
antenna set and the ground surface. The inverse filter of Eq.
(10) can eliminate the waveform distortion that is caused by
the antenna characteristics. By applying Eq. (10) to Eq. (7),
we can obtain the result of calibration as follows:

Hptt (a)) H (a)) + Hpts (a))HSuI_‘f (a))

targ

Sar -8 ree .
[t o)

an

where we set to 4 = 1 because the coefficient 4 is related only
to the amplitude of the target response. The parameter ¢, is a
linear phase constant that corresponds to a delay time of the
pulse, and that can be estimated using the least squares
estimation [4]. The first and the second terms in the left-hand
side of Eq. (11) correspond to the scattering transfer function
of the target response and the ground clutter, respectively.
Therefore, by using Eq. (11), we can obtain time-domain
responses for arbitrary incident waveforms. The target
response g(f) from the buried object can be calculated by the
inverse Fourier transformation as follows:

g(t) = gtarg (t) + gsurf (t)

1 0
= EJ‘OOHptt (a)) Htarg ((0) F(a)) exp(jw[)dw

1 [~ .
+ gv[prst (0) H g, F(@) exp(]wt)dcu (12)

- i 7: (Starg =S fee )/(Ssm_ﬂ =S e )F(a))

~exp[ja) (t— to)]da)

By applying this calibration procedure to measured GPR data,
we can reconstruct a monocycle pulse response with no
waveform distortion that is caused by antenna characteristics.
The calibrated response g(?) still includes the unknown ground
clutter g,(f). However, since the calibration suppresses late-

time antenna ringing, it becomes easy to extract the target
response gir(f) from g(f) by applying the MP algorithm
mentioned before.

III. APPLICATION RESULT

To evaluate the performance of the signal processing
methods, we apply them to measured GPR data obtained by a
laboratory experiment. The GPR measurement system is made
up of a vector network analyser and a UWB-GPR antenna set
[6]. The antenna set has identically shaped transmitting and
receiving Vivaldi antennas and they are covered with a metal
box (shield case) that has one open end as the antenna
aperture. The frequency characteristic of the antenna set is
shown in [6]. Figure 3 is a schematic drawing of the
measurement. As the target, we use a plastic dummy of a
Type-72 AP landmine with a rubber cap. The depth the target
and the height of the antenna are set to 3 cm and 10 cm,
respectively. As the incident pulse with simple waveform, we
use a monocycle pulse given by differentiation of a Gaussian
pulse. The waveform of the incident pulse is shown in Fig. 4.
The width of the pulse is about 1 ns, and most of the energy of
the pulse exists below 6GHz.

Figure 5 shows measured GPR data and a calibrated pulse
response obtained by using Eq. (12). We can see from this
result that the measured GPR response in Fig. 5(a) exhibits a
significant level of late-time ringing and it completely covers
a desired target response. However, after the calibration, the
late-time ringing is suppressed and the target response appears
in Fig. 5(b). The target is buried in shallow depth, and thus the
crest of the pulse is still covered with ground -clutter.
However, we can clearly recognize the target response in the
calibrated GPR waveform. This means that the calibration is
significant for accurate extraction of the target response. Next,
we show the result for ground clutter reduction by using the
MP decomposition in Fig 6. As the atom of the dictionary
elements, we employ a reflected wave from a flat ground
surface. The result shows that the removal of the ground
clutter can be achieved by using the MP decomposition and
target response in the GPR data is successfully extracted.

7

antenna set with
a shield case
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Fig. 3. Schematic drawing of the experiments. The depth of the
target is 3 cm, and the height of the antenna set is 10 cm.
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Fig. 4. Monocycle incident pulse used for experiments.
(Once-differentiated Gaussian pulse)

1 E
0
|—
~_ late-time ringing
0 2 4 6

-1

8 10
Time [ns]

(a) Measured pulse response (raw data)

— target response

0

-1

~—— ground clutter
0 2 4 6 8 10
Time [ns]
(b) Calibrated waveform by using the inverse filter.
Fig. 5. Pulse response from the plastic dummy of the Type-72

landmine in the ground. (target depth: 3 cm, antenna
height: 10 cm.)
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Fig. 6. Target response extracted from GPR data using
the Matching Pursuit decomposition.

IV. CONCLUSION

In order to improve performance of target identification
using GPR, two kinds of signal processing techniques for
extraction of target response from distorted GPR data have
been introduced. One is the method for removing strong
ground clutter that covers a weak target response in time
domain, and the other is the calibration procedure of GPR
responses for removing undesirable waveform distortion that
is caused by frequency characteristics of GPR antennas.
Application result demonstrate that the signal processing
techniques employed here give good performance and are
significant and effective for extraction of the target response
from measured GPR data.
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