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Context: seismicdetectionof landmines

ExperimentalsetupdeveloppedatGeorgiaTech.by WaymondR. Scottetal.
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� Measurementof thesurfacedisplacementinducedby thepropagationof a
seismicwave with a GPRoperatingat8GHz(� = 3.25cm)

� Observationof particularresonnancesaroundthemine

� New tool to helpto distinguishbetweenmineandclutterobjects

To havegoodcrossrangeresolution, theradarmustbeplacedverycloseto the

surface(3-4cm)

Investigationof theuseof Near-Fielddatato enhancetheresolution
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Presentationof the model

� Scalarwave equation
� Surfacedisplacementdescribedby h(x; y); x; y 2 �

2

� Dirichlet boundaryconditiononz = h(x; y)
� Frequency domainwith angularfrequency ! = ck

y

ui

zd

x

z

z = h(x; y)


 h

For anincidentwaveui , we wantto recover thescattered�eld us suchthat:
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�

(a) � us + k2us = 0; for z > h(x; y)

(b) us(x; y; h(x; y)) = � ui (x; y; h(x; y)) ; 8x; y 2 �

2 ;

(c) SommerfeldRadiationcondition:
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Linearization and position of the problem

Linearizationof (b)

+ Bornapproximation
+ Substractionof thescattered�eld u0

s producedby a �at surface

=) New problemwith unknown u = us � u0
s :
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(a0) � u + k2u = 0; for z > 0;

(b0) u(x; y; 0) = � h(x; y)@z ui (x; y; 0) def= f (x; y); 8x; y 2 �

2 ;

(c0) SommerfeldRadiationcondition:

Measurementsaremadeatdistancezd

Simulationof actualmeasurementsby addingi.i.d. Gaussiannoise:

g(x; y) = u(x; y; zd ) + w(x; y)

Giventhedatag(x; y) weseekto recover thedisplacementh(x; y)
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Spectral representation

� PerformtheFourierTransformin thetransversecoordinate� = (x; y):

�
�

�

�

�
�

�

@2
z û(� ; z) + (k2 � j� j2)û(� ; z) = 0; 8� 2 �

2 and8z > 0;

û(� ; 0) = f̂ (� );

Radiationcondition

� Thesolutioncanbewrittenasasuperpositionof planewaves:

u(� ; zd ) =
1

2� �
f̂ (� )ei ( � :� + zd

p
k 2 �j � j 2 ) d� =

1
2� �

Ŝzd (� ) f̂ (� )ei ( � :� ) d�

� Thetransfertfunction of thesystemis Ŝzd (� ) = eiz d
�

k 2 � j � j2

Propagatingwave for �
�

� �
�

� k and evanescentwave for �
�

� �
�

> k
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Far-Field regionversionNear-Field region
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Modulusof Ŝzd (� ) versusj� j=k.

Near Field Region: zd < � , thecontributionof evanescentmodesis important

Far Field Region: zd � � , thecontributionof evanescentmodescanbeneglected

The propagationactsasa low fr equency�lter
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Inversion with Far-Field data

Evanescentwavesareneglected. Inverseof Ŝzd is approximatedby:

ŜF F �
zd

(� ) =
�

�

�

e� ia

�

k 2 � j � j2

for �
�

� �
�

� k

0 else.

which leadsto thefollowing “Far-Field” estimationof f̂ :

f̂ F F (� ) = 1k (� )f̂ (� ) + ŜF F �
zd

(� )ŵ(� );

where1k is thecharacteristicfunctionof thefrequency bandBk = f � ; j� j � kg
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Resolutionanalysisin the Far-Field case

� In thespacedomain,the�rst termis aconvolution with kernel

H F F (� ) =
k

2�

J1(kj� j)

j� j
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=) Theresolutionis givenby theRayleighcriterion : RF F � 1:22
�
2

:

� jŜF F �
zd

j � 1 =) the noiseis NOT ampli�ed
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Inversionwith Near-Field data

Evanescentwaves “gr eater than noise” are taken into account. If SNR is an
estimationof theSignal-to-NoiseRatio,theinverseof Ŝzd is approximatedby:

ŜN F �
zd

(� ) =

�

�

�

e� ia

�

k 2 � j � j2

for �
�

� �
�

� kN F

0 else,

wherekN F = max

	

�
�

� �
�

; jŜzd (� )j � 1=SNR



;

which leadsto thefollowing “Near-Field” estimationof f̂ :

f̂ N F (� ) = 1k N F (� )f̂ (� ) + ŜN F �
zd

(� )ŵ(� );
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Resolutionanalysisin the Near-Field case

� The impr ovementof the resolutionis given by :

RF F

RN F
=

�

1 +
1

4� 2

�
zd

2

log2 SNR

�

1
2

Distanceof observationzd=�

SNR 1=100 1=10 1=5 1=2 1 2

20dB 73.300 7.397 3.798 1.774 1.239 1.065

10dB 36.660 3.798 2.087 1.239 1.065 1.016

6 dB 22.086 2.422 1.489 1.093 1.024 1.006

valuesof RF F =RN F versusdifferentvaluesof noiseandobservationdistancezd .

� The noiseis ampli�ed in theFourierrange[k; kN F ]
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A numerical example

CentralFrequency : 5 GHz(� = 6 cm)
Measurements: 128x 128array
Spacingbetweenpoints: �= 16
SingleMonochromaticplanewave with normalincidence

�0.2 �0.15 �0.1 �0.05 0 0.05 0.1 0.15 0.2
�5

0

5

10

15

20

x 10
�7

x

z

2D linear scale 1D sectionin theplaney = 0

Original shape:two disksof diameter�= 2 andseparatedbya distanceof �= 4.
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Monochromatic planewave — SNR = 20dB
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Bottom:comparisonbetweenoriginal andreconstructedshapein theplaney = 0.
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Monochromatic planewave — SNR = 6 dB
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Useof a broadbandincident wave

Incident broadbandplanewave with directionof incidencêki :

ui (r ; t ) =  (
1
c

k̂i :r � t ) =
1

2� !
ei ( !

c k̂ i :r � ! t ) ~ (! )d!

where ~ denotestheFourierTransformin timeof  .

For eachangular fr equency! oneobtainsanimageof theshapedenotedh! (� )

Then computethe averagevalue usingthePower Spectrumof  asweight:

hB B (� ) =
1

k ~ k2
2 !

h! (� )j ~ (! )j2d!

In thefollowing, we note' (! ) =
j ~ (! )j2

k ~ k2
2
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Broadbandplanewave - SNR=20dB
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Broadbandplanewave - Far Field - SNR=6dB
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Broadbandplanewave - Near Field - SNR=6dB - zd = �= 2
(No correctionon kN F )
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Broadbandplanewave - Near Field - SNR=6dB - zd = �= 2
(kN F is 10% greater)
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Conclusion

� Imagingwith Near-Fielddatais away to enhancetheresolution

� SNRissue: importanttrade-off betweenresolutionandnoiseampli�cation

� Interestof abroadbandsignal

Work in progress: Investigationof Near-Field inversionfor imagingthe
undergroundwith a GPR.

19



Work in progress

Investigationof Near-Field inversion for imaging the

underground with a GPR
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Typical setupfor numerical simulations

12l

6l

array

absorbing medium (PML)

l/2

e=1

e=5
targets

� Resolutionof thescalarwave equationwith a 2D �nite elementcode.
� Thesizeof thecomputationaldomainis 12� x 6 � with 64pointsper

wavelength,surroundedby perfectlymatchedlayers.Thecentralwavelength
is � = 30cm (atcentralfrequency f 0 = 1GH z with c0 = 3108m:s� 1).

� Thearrayis above thesurface(in theair, � r = 1). It has18elements
(source-receivers)separatedby �= 2 locatedat (xp )1� p� 18 . Thearraydatais
theresponsematrix (Psr (t )) measuredfor all elements(xs ; xr ) at time t.

� 2 singlepointsscatterersarein thesoil. They aresituatedatdistanceof �= 2
from thearrayandcloseto eachother(typically �= 4 appart).
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Zero offsetmigration and Near-Field migration

In ahomogeneousmedium,theimagingfunctionalfor zero-offsetKirchhoff

Migrationata searchpoint yS is:

I Z O M (yS ) =
p

Ppp (2� (xp ; yS )) =
p

1
2�

P̂pp (! )e� i! � ( x p ;y S ) d!

where� (xp ; ys ) = jxp � yS j=c0 is thetravel time.

In theNear-Fieldcase,amplitudesbecomeimportantsowe introducethe
correction(weusetheBornapproximationhere):

I N F M (yS ) =
p

1
2�

P̂pp (! )Ĝ(xp ; yS ; ! )Ĝ(yS ; xp ; ! )d!

whereĜ(xp ; yS ; ! ) is theGreenfunctionfor ahomogeneousmedium.
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Layeredbackground

For a layeredmedium,we usethespectraldecompositionof theGreenfunctionin

planewavesandintroducea cutoff for regularization.

Ĝ(x; z; x0; z0; ! ) =
i

2(2� )
(1+ R(� )e2iz 0

p
k 0 � � 2

)
ei� ( x � x 0)+ i ( z � z 0)

p
k 2

0 � � 2

k2
0 � � 2

d�

wherek0 = ! =c0 is thewavenumberandR(� ) is there�ection coef�cient for the

index of refractionn2:

R(� ) =
k2

0 � � 2 � n2k2
0 � � 2

k2
0 � � 2 + n2k2

0 � � 2

23



Questionsthat wewant to address

� Near-�eld correction:Wecanusemany differentimagingfunctionals.How

canwe take advantageof themeasuredNear-Field information?

� Clutter: Whatis theeffectof a randomsoil-air interface?

� Bornapproximation:Thetargetsareverycloseto thesurface.Canmultiple
re�ectionsbeneglected?

� Signalto NoiseRatio: Thenoiseplaysa very importantrole in Near-Field.

� Useof broadbandsignals.
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