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Abstract

During the last decade GPR has developed rapidly: instruments have become more compact and more digital, the
ficld of application has broadened from non-destructive testing to humanitarian demining. Studies have been
carried out to analyse the full information content of the backscattered wavefield trying to go beyond the time
and amplitude analysis. In recent years, many researchers have focused on the possibility of applying holographic
acquisition and processing to GPR data. This paper proposes a theoretical outline of a holographic acquisition
and processing techniques: a block diagram of the proposed holographic radar; the outlines of the design and the
realisation of a custom-built full-scale test-site and the results of the first simulations carried out with newly
developed software. The basic rules for an optimum choice of the main acquisition parameters are also given
together with a discussion of the main advantages and disadvantages of the proposed techniques.

Key words GPR — radar imaging — polarisation — ing Radar, sometimes Ground Pulsed Radar.
holography — SAR The latter best represents the electromagnetic

principle on which GPR is based. The first usc
of pulsed radar to investigate subsoil dates back

1. Introduction to a German patent of Hiilsenbeck in 1926.
Pulsed GPR is today the most commonly
The use of GPR, from the earliest experi- used system in geophysical and environmental
ments in glaciology dating back to the sixties, applications. It detects the amplitude of reflect-
has grown constantly and suddenly boosted from ed signals in the time domain and achieves high
about 1970 when the first portable equipment, spatial resolution by means of the coherent data
using improvements developed during GPR use processing of signals backscattered by buried
in Vietnam war, became available, The acronym targets or by stratigraphical and geological in-
GPR is often referred to as meaning Ground terfaces.
Penetrating Radar, less frequently Ground Prob- In pulsed GPR. the phase of the signal is not

acquired so that at least half of the travelling
information is missed and a lack of resolution
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on many of its peculiar applications: soil stratig-
raphy determination (Davis and Annan, [989);
archaeological and engineering uses (Goodmarn,
1994; Sambuelli et al., 1998); underground struc-
tures detection and diagnosis (Bae er al., 1996).
Even in the environmental field, GPR provides
good results in the detection of buried waste
containers.

Many attempts have also been made to de-
tect hydrocarbon contaminants, such as immis-
cible oil (NAPL — Non-Aqueous Phase Liquids)
in soils and groundwater (Daniels et al., 1992;
Guo ef al., 1997).

Instead of the faster, traditional, near-zero-
offset singlefold techniques, an improvement in
radar results can be achieved by employing
multifold data acquisition which enhances the
signal to noise ratio (Pipan e al., 1996). This
technique, borrowed from reflection seismic,
requires greater complexity in data acquisition
and processing. However, since the electromag-
netic properties of the soils ditfer from seismic
properties and loss characteristics of the medi-
um can heavily influence the signals, a straight-
forward application of seismic processing can
vield misleading results (Van Deen, 1996).

One of the major shortcomings of tradition-
al radar equipment is the low readability by the
end users of resulting images. The true shape of
a detected object, in a «space versis round-trip-
lime» section, is very often reduced to a more
or less smooth and faint rounded arca. Neither
can specialised processing go much deeper
into the object shape definition whenever this
shape becomes a little more complicated and
sharp. The evidence of sharp corners is almost
absent and their presence is recognised very
often only by an a priori knowledge of the
target shape.

A further step in the direction of a more
readable form of radar result could then be ob-
tained using polarisation properties of sharp
edges (like corners) with respect to the reflec-
tion of an electromagnetic field impinging on it.
This improvement can be achieved provided
that both transmitting and receiving antennas
are made by two orthogonal dipoles. In such a
way four images are acquired on the same pro-
file: HH, HV, VH, VV. It can easily be shown
that the comparison of these results can enhance
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the presence of sharp edges, mainly if they are
parallel to one of the dipole directions (Miwa
et al., 1996).

Moreover, polarimetric filtering can also be
applied in order to enhance the visibility of a
target with respect to cluttering (Yamaguchi
etal., 1996.). Acquisition of the aforementioned
four components constitutes the elements of the
polarimetric scattering characterisation in an HV
polarisation basis. The possibility to obtain the
reflectivity matrix of the subsoil, and of a spec-
ified target, can also be helpful in determination
of the material constituting the target itself,

As far as the resolution is concerned, it can
be shown that, with respect to pulsed radar, an
increase resolution can be obtained with a Syn-
thetic Aperture Radar (SAR) acquisition. More-
over, if a Frequency Modulated Continuous
Wave (FMCW) is used, not only the resolution
but also the target shape definition can be fur-
ther enhanced (Al-Ghamdi and Afifi, 1996). It
has also been recognised that interferometry
and holographic data processing of FMCW ra-
dar data can improve resolution and S/N ratio
(Al-Ghamdi and Afifi, 1996; Leuschen er al.,
1996).

The development of holography in earth sci-
ence applications started at the end of the seven-
ties. A single fixed frequency in Continuous
Wave modality (CW) was first used to verify the
reliability in the image reconstruction of objects
buried at a depth of a few centimetres. Refine-
ment of the technique allowed some experi-
ments o be carried out to evaluate the capability
of detecting buried targets in ice and snow. A
high resolution was achieved using a frequency
range of 8§ and 10 GHz (Sakamoto and Aoki.
1985).

Some preliminary tests were carried out us-
ing a fixed antenna and a mobile scenario; these
experiments, performed in the IRITI laboratory,
aimed to check the reliability of 3D imaging of
the holographic technique in the microwave fre-
quency band (Giubbolini, 1999).

2, The holographic signal

The block diagram in fig. 1 proposes a
Stepped-Frequency Modulated Wave bi-static
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Fig. 1. HGPR architecture.

Radar which main parameters are shown in ta-
ble I. It has one transmitter and one receiver
working with continuous wave signal whose
frequency is increased following a step-modu-
lation scheme. The antennas have wide beam-
width (+ 90° in azimuth as well as in elevation)
in order to cover the largest part of the volume
to be imaged and wide bandwidth (0.4-0.8 GHz)
to obtain high resolution. The system is moved
in different positions and acquires the complex
reflectivity coefficient of the subsoil.

In order to acquire the four polarimetric three-
dimensional images of the subsoil, the transmit-
ting and receiving antennas can radiate along
two linear and orthogonal polarisations, that are
the horizontal and vertical polarisations. The
two switches (SW1 and SW2) select which po-
larisation is transmitted and which is received.
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The transmitted signal is supplied by the
signal generator VCO Master and then radiated
by the selected transmitted antenna.

The diffracted wave front from the subsoil is
detected from the selected receiving antenna
and it is down-converted by mixing it with the
Local Oscillator signal (LO_CONV) so that the
Intermediate Frequency signal (IF signal) is
produced. The LO_CONV signal is given by
a second signal generator (the VCO Slave in
fig. 1) and its frequency is fixed at 70 MHz from
the transmitted frequency. In such a way, the
frequency of the IF signal (after pass-band fil-
tering) is 70 MHz irrespective of the transmitted
frequency. This scheme permits use of a high
performance [-Q demodulator reducing cross-
talk and inter-modulation effects, obtaining low
amplitude distortion and phase imbalance on
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Table I. HGPR parameters.

Value

HGPR parameter Symbol
- Minimum carrier trequency I o 0.4 GHz
Radio frequency bandwidth B, 400 MHz
Transmitted power P, 100 mW _
Rece@noise figure - r o o 35dB - -
Modulation period range T, 1 + 1000 ms
Minimum time sampling At Lus
No. of acquired samples N 128 + 1024
_ Intermediate frequency g 70 MH; _
Tx antennas: V-beam width : T 90°
Tx antennas: H-beam width go“_\\—r,t;m a0” -
o Rx antennas: V-beam width - o el
_Rx antennas: H-beam width = - 90°
) Tx antennas sides: v, z L,L 48 cm, 48 cm B
i1 - 48 cm, 48 cm

Rx antennas sides: x, z

the In-phase (1) and the in-Quadrature (Q) sig-
nals.

The complex signal I+ jQ obtained is the
complex reflectivity coefficient of the observed
scenery from the position of the antennas, that is
the interference figure between the radiated and
the back-scattered wave.,

The collection of this coefficient on a grid of
points (scanned area) yields the holographic
interference pattern (UHF Hologram) for the
used polarisation (transmitting and receiving).
The four 3D polarimetric images of the ob-
served scenery are obtained from the four holo-
grams through a reconstruction process.

The carrier frequency and the bandwidth are
chosen taking into account the application; in
fact, in order to be able to detect pollutants
down-to 10 m in the subsoil the losses of the
ground with frequency bounds the operative
frequency up to about 800 MHz. Moreover, a
trade-off between the acceptable maximum
size of the antenna and bandwidth (that is pro-
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portional to the radial resolution) bounds the
lower frequency down to 400 MHz. With these
figures, the size of the antennas could be about
0.5x0.5x0.5 m cach and the radial resolution
in sand would be about 0.18 m.

The investigated volume is in the near-field
of the antenna, Furthermore, scanning the sub-
soil on a wide ground area, the subsoil volume
is investigated from different aspect angles and
the buried objects are observed from different
sides. For this reason, the set of collected reflee-
tivity coefticients is called Hologram in the
UHF band analogously to optical holograms
where the holograms are acquired at a single
frequency.

The sides of the scanned area are large in
terms of wavelengths and similar to the maxi-
mum depth. Under these conditions, a scatter-
ing point in the subsoil produces a spherical
wave-front in the scanned area and in order to
reconstruct the three-dimensional image, the fo-
cusing process must take into account the exact
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colution of the Maxwell equations, that is the
Green function, so that the scenery is correctly
imaged in the far as well as in the near field.

The transmitted signal is realised with a
Stepped-Frequency Continuous Wave modula-
tion of length T, with constant frequency step
of B,,IN,

J f(] + By

!

S, ()= rect [ L } cos| 2m
\ TM

J dr ||=r

where: f, is the first-step frequency of the mo-
dulation function; B,, is the radio frequency

(2.1)
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wave, and is 0 for |7| >~ and | for |r] < 5

The transmitted signal can be radiated along
the Vertical (V) polarisation as well as the Hor-
izontal one (H). By means of two modulation
periods, both polarisations are transmitted at
different times. Let 7 be the vector identifying a
generic subsoil peint in the spherical co-ordi-
nate system (r, @, ) the transmitted electrical
tield is given by

BT P di=
(2.2)
_ Pz 2.0) 1_ rf*‘hrlff
| —F|
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where P, is the transmitted power, Z is the wave
impedance of the soil, p, is the polarisation unit
vector of the transmitting antenna, G, are the
radiation diagrams of the transmitting antenna
related to the two polarisation (i =H, V), vis the
wave velocity in the medium and 7, is the loca-
tion of the transmitter.

Let R(F) be the complex polarimetric 3D
reflectivity matrix of the investigated volume

RHU (f_') R\"H (.F)

R(7) = .
\ R RV (R

(2.3)

the diffracted electric field received at 7, = 7, +
+ F,,. where 7, is the fix distance between trans-
milting and receiving antennas along the two
polarisation axis, is given by the interference of
all the returning echoes

EXYE. D =

(2.4)
‘j /P—ZG(—ﬂ(p)R i .[}’Lf}dr-.
(4or) . ”
where:
Tir :|F7FT|+|F_FR|:|F—FH _FTR|+"F_FR‘=
=Ja—x, —x, )y HE-) (25
4_‘\/{'\"_'\_”)1 +)‘1 ‘+“(Z‘*ZR)1

is the round trip distance between the transmit-
ting antenna, the scattering centre and the re-
ceiving antenna. The round trip distance is ex-
pressed in Cartesian co-ordinates where y is the
depth axis and we have assumed the transmit-
ting and receiving antennas embedded in the
same box so that the transmitting antenna is
located at: 7, = F 47, = T+, = (x,+x,
S

The radiation diagrams of the transmitting
and receiving antennas (G,, G,) filter the re-

"
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ceived signal in relation to the aspect angle.
Supposing that the antennas do not depolarised
the wave, that is they have a high polarisation
efficiency, and they have the same response in
the two polarisations (G, =G, = G,, G = G| =
= (), the received signal from the antenna
located at 7, is

S,&r‘

R

Pz [ t
3 rect
(da) TM

(re, 1) =4,

R™(F)

i

(2.6)

cos D, (1) —

_'- 'VGT 'GH

-2 i +L stair | —
Ar 5

] Pop pdT

0 M

where (f, 1) = (H.V); 4, is the wavelength of the
electromagnetic wave in the medium at the min-
imum frequency; Ar = v/(2-B,,) is the range
resolution in the medium; ;' refers to the four
modulating periods.

In eq. (2.6) the apex { identifies the polarisa-
tion of the transmitted wave and j the polarisa-
tion of the selected receiving antenna. Transmit-
ting two signals with horizontal and two signals
with vertical polarisations during four succes-
sive modulation periods, and acquiring the hor-
izontal and vertical components of the received
wave, it is possible to collect four received sig-
nals related to the four components of the re-
flectivity matrix of the scenery.

The received signal coming from the anten-
na located at 7, is amplified by a low noise
amplifier (G, ,,) and then mixed with the signal
coming from the slave generator; the signal pro-
duced has a conversion loss of «,,, and is fil-
tered by a pass-band filter (centred at 70 MHz).
This Intermediate Frequency signal is in-phase
and in-Quadrature demodulated at 70 MHz with
the reference signal (LO_IQ. see fig. 1). Finally.
the base band signals (I and Q) are passed
through a digitally controlled amplifier (G,_.)
and digitally converted (A/D).
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The DSP controls the gain and sampling of
the intermediate frequency signal, the Phase-
Looked-Loop (PLL) of the two signal genera-
tors, the sampling of I and Q. and the sequence
of modulation. After four modulation periods,
the DSP has acquired a complete set of holo-
grams given by

H"*(FR,I)zk-rect(

I ]
. '[‘M

[e_{( =
[ B B ~— 20, 2.7)
- e
. 1 | ot .
“eXpy—j27| —+——stair| — |[|r,, rdF
A, 24Ar T,
P.Z
where k=G, @, G, 4, [ —— includes
(4)°

all the system parameters.

From eq. (2.6) the received signal is a phase-
modulated signal and because the Step-Frequen-
cy modulation is slow compared with the in-
stantancous frequency, that is the time length
of the step (7,,/N,) is long compared with the
period of the signal (1/f), the instantaneous fre-
quency can be confused with the spectral fre-
quency and eq. (2.7) can be written as

B r. =k recl;('—f }

RF

R!

!

§0Y

'IVGTGR

(2.8)
T

| _
e stair & Fop r 7.

The acquired UHF holograms retain the ampli-
tude and phase information of the interference
between the transmitted wave and the received
diffracted signal on the whole frequency band-
width. It is important to note, from eqs. (2.8)

]
—+
Yl

‘exp ‘jZﬁ[

0 RE
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and (2.5), that the hologram phase

D, =27 L+Lsmir |
A Ar i

[}

. \/_r—_rk —.!cm)2 +y° +(Z—ZR)2 + (2.9)

+\/(_\'-x,\,)3 +v? +H(z-z,)° -I

depends in a non-linear form on 7, = (x, 0, 2,
the location of the receiving antenna.

3. Wavefront reconstruction by means of
Conjugate-Phase Matched imaging

In order to obtain the 3D image of the scen-
ery observed, that is the acquired reflectivity
function R “(r, 8, ¢), areconstruction process of
the holography must be carried out. The Conju-
gate-Phase Matched Method is the optimal
method (Mensa, 1991) and permits the image to
be reconstructed without any aberration and
degradation in the whole-investigated volume.
The acquired holograms (2.8) are initially mul-
tiplied in space and frequency domains by two
windows on the (7,. ) axes (F, describing the
area (£) scanned with the radar, f the frequency
in the band B,,) and then they are match-filtered

Ri‘;(f) :.[ J‘UZ(FR)"E”M (_f‘)-H"';(f,‘,,_f)-

p BR!'

Ar RE

-expy+j2m- ~L+9L-stair[-f—] -rm,J-

0 =

df-dr, - (3.0
This method permits reconstruction of the opti-
mal 3D image with the maximum resolution
given from the size of the scanned area and from
the radio frequency bandwidth.

Working in spherical co-ordinates, the re-
construction can be obtained by means of three
integrals: one along the frequency axis, the oth-
er two along the axes of the scanned area.
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The windowing of the hologram requires
N, N, real by complex multiplication, with N,
the number of locations of the antenna in the
scanned area, and N, the number of frequency
steps; this means 2N, N, FLOPS (floating point
operations). Supposing a look-up table has the
values of the exponential function on the whole
three dimensional investigated space, the holo-
graphic reconstruction requires N, A,, complex
by complex multiplication for each voxel, that
is 6N, N, FLOPS. Therefore, the overall com-
putation power required (number of floating
point operations per second per voxel) is

1
CPI :f(SNTNM)

F
where T, is the computation time for each polar-
imetric image. In the case that 7.is setto 1 s, the
throughput is about 0.16 MFLOPS per voxel.

(3.2)

4. Acquisition parameters

According to the theory outlined above, some
care must be taken in designing the acquisition
operations to obtain the desired resolution and
to avoid the occurrence of unwanted phenome-
na such as aliasing. As regards resolution, the
Synthetic Antenna length (the antenna side) and
the range of frequency spanned needs to be
decided. On the other hand. the aliasing is reg-
ulated by the frequency step (in a frequency
stepped modulation) and by the spatial sam-
pling, i.e. the spatial step used to build up the
Synthetic Antenna (Soumekh, 1999).

Working on eq. (2.9), one can obtain two
conditions for the resolution limits and two to
avoid aliasing phenomena.

When a single frequency is used. it is not
possible to have radial resolution in the far field
(because the wavefront is planar). In the near
field, thanks to the spherical front of the wave,
it is possible to focus and radially localise the
scattering centre. The antenna length needed to
obtain the desired focusing of the object, can be
obtained from the phase term in eq. (2.9) (Stein-
berg and Subbaram, 1991)

h

L=——
d.o.T. (4.1

74
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¥ (m)

| J and slice. The lack of focus due to the restricted
acquisition area is evident. The scattering point is

J3 ’ Fig. 2. Acquisition area 2x2 m’. 3D rendering
|
| (.5 m deep.

Rmat11up

Y (m)

Fig. 4. Frequency band 0.4-0.5 GHz; step 10 MHz.
3D rendering and slice. The low resolution due to a
short frequency bandwidth is evident. The scattering
centre is (.5 m deep.

Rmet11Up
f

Fig. 3. Acquisition area 4x4 m’. 3D rendering and
slice. The lack of focus due to the restricted acquisition
area is still clear even if reduced. The scaltering point
1s 0.5 m deep.

Fig. 5. Frequency band 0.4-0.7 GHz; step 10 MHz.
Slice of the 3D rendering. The higher resolution due
to the wider frequency bandwidth is evident. The
scattering centre is 0.5 m deep.
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where d.o.f. is the depth ol focus (length of the
focused zone); L is the minimum effective di-
mension of the scanned area (minimum synthet-
ic aperture antenna dimension); A is the depth of
the scattering point; 4 is the wavelength in the
medium (m).

It the scanned area is not large enough in
terms of wavelengths, lack of focus appears so
that nearby scattering centres could even be
merged together (see figs. 2 and 3).

As far as the bandwidth needed to obtain the
desired resolution is concerned, it can be evalu-
ated, again from eq. (2.9), in the far field, using
the following formula:

By =cl(fe, -2-A0 (4.2)

where ¢ = light velocity in vacuum (3 10" m/s);
g, = relative dielectric permittivity of the
medium.

Using the same B,, and considering scatter-
ing centres located in the near field of the syn-
thetic aperture, the radial resolution property is
enhanced. This is due to the non-linear phase of
the back-scattered waveltont in the scanned area,
that is the Fresnel diffraction pattern. A wrong
choice of the bandwidth leads to a poor defini-
tion of the scattering object (see figs. 4 and 3).

Given the size of the volume to be investi-
gated, the maximum radial distance is known.
In order to avoid the frequency aliasing condi-
tion, the following formula can be drawn from
eq. (2.9):

Af < c
f \/; ’ 4 i rm:n( (43)

where r, is the maximum radial distance to be
scanmned.

[f this condition is not fulfilled, artefacts will
appear in the reconstructed image (see fig. 6).

The building up of a Synthetic Aperture An-
tenna involves moving the dipole step by step
along a regular grid on the ground. The condi-
tion that must be fulfilled by this step to avoid
spatial aliasing effects can again be obtained
from eq. (2.9) and written according to the fol-
lowing formula:

Ax <= (4.4)
4

Fig. 6. Frequency aliasing effect. 3D rendering and
slice. The ghosts of the object along the vertical axis
under the scattering point are evident. The scattering
centre is 0.5 m deep.

Fig. 7. Spatial aliasing effect. 3D rendering and slice.
The ghosts of the object on a spherical surface
containing the scattering point are evident The
scattering centre is 0.5 m deep.

where A is the wavelength in the medium; Ax is
the sampling step of the scanned area.

If this condition is not fulfilled, artefacts will
appear in the reconstructed image (see fig. 7).
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5. Simulation results

Software either for simulating or for analys-
ing experimental data has been developed based
on the formulas presented in the preceding par-
agraphs, Three-dimensional and bi-dimensional
data can be handled and the related renderings
can be displayed.

In order to test the potential of hologram
collecting and processing of radar data, a full
scale test site has been designed and construct-
ed (fig. 8), with selected objects (fig. 9) buried
in classed sand. On the basis of this test site,
some simulations have been carried out obtain-
ing: three-dimensional renderings; two-dimen-
sional renderings; conventional radar images.

Three-dimensional images are a4 more realis-
tic representation of the buried scattering ob-
jects. The presented images refer to synthetic
reconstruction of data, as they were collected
on the test site, in dry (figs. 10 and 11) and wet

Fig. 8. Sketch of the test site. Red points represent
the two lower spheres (0.5 m from the bottom; blue
points represent two spheres at 1.0 m from the bottom;
green points represent two spheres at 1.5 m from the
bottom; pink points represent two spheres at 2.0 m
from the bottom. The L-shaped aluminium bar and
the corner reflectors are also drawn.

Fig. 9. The buried objects: 8 spheres (diameter = 0.08 m); 4 corner reflectors (longest size = 0.28 m):

1 L-shaped corner bar (length = 2.5 m, L size = 0.1 m).

1

|
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Fig. 10. Rendering with dry sand conditions; polarisation HH (o = 107, & = 4). Scattering centres are evident
together with the aluminium bar.
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Fig. 11. Rendering with dry sand conditions polarisation HV (o = 10, & =4). The aluminium bar is no longer
visible in as much as the reflected signal, polarised by the corner of the bar, is orthogonal with respect to the
receiving antenna.
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Fig. 12. Rendering with wet sand conditions; polarisation HH (o = 107 £ = 4). The attenuation due to the high
conductivity does not allow to detect targets deeper than | m.
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Fig. 13. 2D holographic reconstruction. Even if it is a 2D reconstruction, the better readability of results is
evident.
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Fig. 14. Reconstruction in the conventional radar
image from holographic data. The hyperbola on the
top left of the image refers to the same object (a
sphere) represented as a circle in fig. 13.

(fig. 12) conditions. The attenuation effect in
wet conditions is evident avoiding the possibil-
ity to detect the deepest targets. The bi-dimen-
sional holographic images show the lateral ef-
fects deriving from the shape of the emitting
and receiving radiation patterns of the antennas
(fig. 13): lateral objects are attributed to the ver-
tical section of the ground underlying the profile.

From the data collected in the SAR it is also
possible to reconstruct the radar section as if it
were collected in the conventional near zero-
offset way (fig. 14). By reconstructing the radar
data in this way hyperbolic artefacts appear as
commonly seen in conventional radar around
the top of a scattering object.

6. Discussion and conclusions

In studying the possibility of realising a
Holographic Ground Probing Radar, advantag-
es and disadvantages have been considered even
if some of the latter can be attributed (o the early
stage of the study and to a lack of optimisation.
The main advantages can be summarised as
follows: higher signal to noise ratio on the radar

image is obtained thanks to the higher energy
radiated in long modulations periods; more com-
plete recovery of the information carried by the
wavefield due to the use of phase recovery and
of the four polarisation acquisitions; less distor-
tion in the images, that are much freer from
hyperbolic artefacts, due to holographic acqui-
sition and processing.

On the other hand, the main disadvantages,
at least at this stage, can be summarised as
follows: more acquisition time and the need for
a higher precision in antenna positioning due to
the resolution and anti-alias conditions outlined
in the preceding paragraph ol this paper; more
processing time due to the heavy integrals, that
are performed in a straightforward manner and
with routines which are not optimised.

As far as further developments are concerned,
an automatic set up for the movement and posi-
tion of antennas is under design. A set of rou-
tines to speed up, as far as possible, with mini-
mum precision loss, to reduce processing time
is also under development.
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