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ABSTRACT

Migration is a common name for processing techniques thdb trgconstruct, from the data recorded at the surfaee, t
reflecting structures in the sub-surface. Most of the exgstiigration techniques do not take into account the cteaistcs

of the acquisition system and the ground characteridties.propose a novel migration method, applicable on Ground
Penetrating Radar (GPR) images, that integratesrtteedbomain model of the GPR in the migration scheme. &\trilate

by forward modelling a synthetic 3D point spread functibthe GPRj.e. a synthetic C-scan of a small point scatterer. The
3D point spread function, containing system characterisiiesthe waveform of the excitation source, the combined
antenna footprint and the impulse response (IR) of the antdanlasn used to deconvolve the recorded data. Results of this
migration method on real data obtained by an ultratsdadd GPR system show that the migration method is able to
reconstruct the top contour of small targets like AP mjiim@ some cases even with the correct dimensions. Efteochis

also capable of migrating oblique targets into their truétipas The migration scheme is not computational intenaive

can easily be implemented in real time.
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1. INTRODUCTION

In images taken by a GPR, the reflections on structartdge sub-surface will be smeared out over a broad regiomwgind
appear as hyperbolic structures in the image. This istaltiee beam-width of transmit and receive antenna. Theoh
migration techniques is to focus target reflections enréicorded data back into their true position and physkegbe. In
this respect, migration can be seen as a form of sptanvolution that increases spatial resolution. The rfiigtation
methods were geometric approaches. After the introduofitile computer, more complex techniques, based on ther scal
wave equation, were introduced. These methods involve back-prigpagatnverse extrapolation to remove the effects of
wave field propagation. A good overview of migration technigaegven in [1] [2]. Most of the migrations methods found
their origin in the field of seismic, and were later ¢spapplied on radar images. Almost none of these methods/bowe
include system aspects of the radar like the wavefortheoexcitation source, the impulse response of the anteimeas, t
antenna patterrgtc. Furthermore most of the migration methods considergtioeind as being loss-less and without
dispersion. It can be expected that a migration techniqueatkes into account the characteristics of the radaersyand
possibly the characteristics of the ground would perfornebétt this paper we present a novel migration methodakat
into account the system and ground characteristics.

2. TIME-DOMAIN MODEL OF THE GPR

A key element in the migration method is the point-spriesction of the GPRi.e. a synthetic C-scan of a small point
scatterer. This point spread function can be obtained byafdrmodelling, using a time-domain model of the GPR system.
The time-domain model is obtained by considering the totésys GPR-ground-target” as a cascade of linear resppnse
resulting in atime-domain GPR range equation. The time-domain GPR range equation allows us to lzthe received

voltageV, . (t) at the output of the receiving antenna in terms of eimitaoltageVg (t), radar characteristics and target.

Fig. 1shows a schematic representation of the differens pathis cascade,g. the pulse generator, the antennas modelled
by their normalised impulse response [3][4], the 1/R sprealdisges, the transmission coefficients on the air-ground
interface, the propagation through the ground and the sogttar the target in the ground.
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Fig. 1. Schematic representation of the different parthéntime-domain GPR range equation
Mathematically the time domain GPR range equation is expdess
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with
V¢ (t) : the excitation voltage applied at the transmitting antenna
hy 1< (& ,t) : the normalised IR of the transmitting antenna in thectioe &;
hy e (=85, 1) : the normalised IR of the transmitting antenna in the dimect a
o (t) : the impulse response representing the two-way path lengthaiog the dispersion in the ground
/\111(5.i ,és,t) : the IR of the target (is the time equivalenthef square root of the target radar cross section)
R : the total path length from transmitting antenntheotarget
R : the total path length from receiving antenna to thgetar
Ta_g : the transmission coefficient at the air-ground interfaget¢ ground)
Tg_a: the transmission coefficient at the air-ground interfgceund to air).
&, : the direction of radiation of the transmitting anterowards the target

&, : the direction of the scattered field from the target td&ahe receiving antenna.



In the next two subsections the impulse responses afntieenas and the ground will be explained in more detail
2.1 Normalised impulse response of the antennas

A common way oflescribing antennas in the time domain is by means dfithpulse response. Different types of IRs can
be defined. We opted for the normalised impulse respgmsenalised IR),i.e. an impulse response integrating all
frequency dependent antenna characteristics [3] [4]. Inthis the time domain antenna equations, expressedms t&f

the normalised IR, become very simple and accurate toNs@ssumptions about frequency dependent terms has to be

made. For two identical antennaBN,Tx: hN,Rx. The normalised IR on boresight is easy to measureg Wsio identical

antennas and a vector network analyser [3]. Fig. 2 showsotimealised IR on boresight of a TEM horn antenna, designed
for a laboratory UWB GPR [5].
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Fig. 2: Normalised IR of TEM horn antenna

2.2 Impulse response of the ground

The best way to introduce the propagation losses in the giisuttdrepresenting the ground as a low-pass filter. The
transfer function of this filter, representing a propageof d meters in the ground, is given by, (w) = e @AY \where
a is the attenuation constant [Np/m] of the medium Brithe phase constant [rad/m]. Both constants are a funofi
frequency, the real part of the permittivig/' and the loss tangedi&nd . For a given soil, i.e. texture, density and moister

content, and for a given two-way path lengtiin the ground, the impulse respongg (t) of the soil, representing the
propagation losses, is then calculated as [5]

0. (1) = d./ue (tand) /2
d /{(t—d ,ug')2+(d\/§tan5/2)2}
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3. DEVELOPMENT OF THE MIGRATION METHOD

The migration method is based on the deconvolution of thededatata with the point-spread function of the system,
calculated using the time-domain model as presented in presetfon. This deconvolution has only sense if the
acquisition process by the UWB GPR is a convolution eetwthe structures present in the subsurface and the paatispr
function of the system. The latter is true under cers@isumptions. Suppose a co-ordinate system as represefigd3.
The antenna configuration is a bistatic configuration and terenly variations in propagation velocity in the dowrdvar

direction. The 3D dat#(X, Y, Z = O,t) are recorded on a regular grid by moving the antennas iXythplane atz =0.
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Fig. 3: Configuration and representation of the co-ordisgstem

Assume in a first time that there is only one smsaditropic point scatterer present in the subsurface, located
r, =(X,,Y,,Z,) and characterised by an impulse respofisdt ) , independent of the incident direction. Note that, in
the most general case, the IR of the localised isatnopint scatterer does not necessarily have to beaa Ditpulse as a
function of time. For the antennas at any positigr= (X, , ¥, ,Z = 0) , the received voltage, representing an A-scan, can
be written according to (1) as

- dvs(t-t,)
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wheret, represents the exact two-way travelling time betwiaenantennas and the point target, taking into account the
different propagation velocities in the media.

By grouping all the factors, except for the IR of thenptérget, in one factow(T, T ,t), equation (3) becomes

a’'o?

b(ry,t) = W(F,, T, 1) O Ao (1) 4
The symbol L, is introduced to clearly indicate that the convolution(4) is a convolution in time. For a given
configuration, all the factors in (3) are known, henef”,, ., t) can be easily calculated. Furthermore, for the antesnas

z =0 and the point scatterer at a fixed def@k z,, the responsav(r,, I, ,t) is a function off, and T, only by their
difference, and (4) can be written as

b(ra't) = W(Fa - r?o't) Dt /\(rolt) (5)



If an object can be modelled by a set of independentl $sn&opic point scatterers, all at approximately szene depth
Z =z, the output voltagdd(T',,t) will be a combination of the contribution of each individual paioatterer, that is
clearly a convolution in space if we assume that the tparis linear:

b(X,,Y..t) = ”X yIw(xa =X, Y.~ Y, Z,,t =)\ (X, y, T)dT dxdy (6)

Equation (6) represents a space-time convolution along thedomtesX, y andt, and can be written as

b(x, y,t) =W(X, Y, 25, ) Ui Ay (X, Y1) )

where /\ZO(X, y,t) is a 3D matrix, called the scattering matrix [2], arahtains the responses associated with the

distributed point scatterers at approximately a defythThe symboll] denotes a space-time convolution along the co-

X,y,t

ordinatesX, Y andt. The 3D matrixw(X, Y, Z,,t) represents the point spread function of the UWB GPR systean for

0!
depth z,. In practiceW(X, Y, Z,,t) is calculated by using (3) for different antenna positiGp on a regular grid in the

Xy-plane atz= 0 and a small fictive point scatterer with i&(t) , at a depthz,. In other words it can be seen as a

synthetic C-scan of a small fictive point scattefég. 4 shows the 3D point spread function of the system gita dé6 cm
below the air-ground interface (with the antennas 25 cm atbevground). In the point spread function, as it is obtained by
forward modelling, all the information on the systekelthe waveform of the excitation source, the IR of the ansgiiha
antenna pattern, the attenuation and dispersion in the greiandre included.

Fig. 4: Synthetic C-scan of a fictive point scatterer depth of 6 cm below the air-ground interface, calmd by forward modelling

Although the point spread functiow(X, Y, Z,,t) is space variant (function df, ), its shape will not change very much

with depth. In practice, the point spread function for @gidepth can be used for a broad depth range. As a cemseq
the space-time convolution (7) can by considered as spapth)devariant and the image of the 3D scattering matrix

/A\(X, y,t) can be calculated in one step by

A Y, 1) =b(x, y,t) O, WX, Y, Z,1) ®



where ;\(X, y,t) denotes the spatial image bfzo (X, y,1) ,i.e the migrated image,
b(X, y,t) is the recorded C-scan that is to be migrated, and
wW(X, Y, z,,t) the point spread function for a fixed def@iF z, .

4. RESULTSOF THE MIGRATION METHOD

The migration by deconvolution is applied on data taken by adadrgrUWB GPR [5], with the antennas mounted on the
indoor xy-scanning table. The data are acquired over ancirg0 cm by 50 cm with a step of 1 cm in both and Y -

direction.Fig. 5 shows the results of the migration method on a pie@® aim barbed wire, buried at 5 cm of depth in sand.
Subplot (d) represents a two-dimensional C-scan of tigeateid image. The shape of the barbed wire in Fig. 5 (dpea
easily distinguished and even contains the three sets ofppgsent on the real wire. Note that the dimensions dblifect

in the migrated images approach the dimensions of thelgsts.

The aim of migration is to focus reflections on objectkhato the true physical shape of the object but alsoitetorue
position. To illustrate the latter, we showHiy. 6 (a) the raw B-scan on an oblique mine. The mine wagdwnder an
angle of about 30° in dry sand, with the highest point ofntiree at a depth of 5 cm. In the raw B-scan at the ledt, th
strongest reflections on the mine are found in theetaright corner of the image, whereas in reality the nsrgtuated in
the middle of the image, indicated by the rectangular bakérimage. The explanation for this shift is simple. Wtien
antennas are right above the obligue mine, the mine wik laastrong reflection in a direction away from the reogiv
antenna. For the antennas in the direction perpendicular to thegflaf the mine, the reflections on the mine towards th
receiving antenna will be stronger than in the caseritenaas are right above the obligue mine, leading to a dispéate
of the target in the raw data. After migration by dawdation however, the target is found in its true positiorstaswn in
Fig. 6 (b). The migrated image not only shows the object imuts position, but also clearly shows that the object is abliqu
Other migration methods, like Kirchhoff migration [2]caftk migration [2] were also applied on the same dait,with
less good results than the migration by deconvolution metigdé (c) shows the result after Kirchhoff migration. The
migrated image is better than the raw one, but the Kirchhigffation is not able to bring the target completely badksin
actual position.

The previous results are obtained on data that is acquirdt laboratory, where all conditions are well controlled a
where the air-ground interface is flat. In reality tlisdbt the case. Ground characteristics like permittivityattehuation

are often not known and have to be estimated. The air-grotieidaice can be very rough and can introduce additional
clutter, which eventually might interfere with the refleos on the target. Furthermore, the ground is not always
homogeneous and it can be expected that the UWB GPR, wigdths ya high resolution, is sensible to these
inhomogeneities. The data represented inFibe7 is acquired over an area of 50 cm by 50 cm in steps of @utrich is

still small enough to avoid aliasing in thé- and Y - direction).Fig. 7 shows a 2D representation of a B-scan and a C-scan
of a PMN mine, buried in gravel at a depth of 5 cm, befodkadter migration. In the images of the raw data theaglot of

clutter present and the shape of the mine is not cMdtar migration, most of the clutter disappeared and tiwileir shape
and dimensions of the mine becomes correct.
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Fig. 5: Migration by deconvolution applied on barbed wiength of 20cmpuried at 5 cm

(@) Photo of the barbed wire

(b) 3D C-scan representation of raw data

(c) 3D C-scan representation of migrated data
(d) 2D C-scan representation of migrated data
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Fig. 7. PMN mine in gravel at 5 cm of depth

(@) B-scan of raw data

(b) B-scan of migrated data

(c) 2D C-scan representation of raw data

(d) 2D C-scan representation of migrated data

5. CONCLUSIONS

The raw C-scans recorded by a GPR are often diffiounterpret for an operator. Due to the beardtiiof the antennas, a
target in the ground is already seen by the GPResysven when it is not exactly under the antenfiasa consequence,
the recorded data will be unfocussed. Focussingntgoes to reduce the influence of the beamwidtthefantennas are
called migration techniques. Most of the existinignation techniques however do not take into actthmm characteristics
of the acquisition system and the ground charatiesi We therefore proposed a migration techniqaked the migration
by deconvolution. The novelty of the algorithmhsit it uses the time domain model of the GPR amtdeloes take into
account the system and ground characteristicsniigeation method is simple and fast. We calculatédoward modelling
a synthetic point spread function of the UWB GPRisTpoint spread function is then used to be dedleed from the
recorded data. The method is evaluated on datangpfrom the UWB GPR. The results of the migratiostimod are found
to be very good and in any case better than coireitmigration methods like Kirchhoff or f-k migian. After migration
of the data, the UWB GPR give enough resolutiothin lateral directions to give an idea of the shape, in favorable
circumstances, of the dimensions of the buried atbjehe migration method is also able to focusewibn on oblique
objects back into their true position and reducgssiderable the clutter in a GPR image.
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