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Résumé

Le but de ces travaux de these est de développer une approche par renversement temporel (RT) pour des
radars a synthése d’ouverture (RSO), aéroportés ou satellitaires, pour imager la structure du sol et les
cibles enfouies grace a des méthodes d’interférométrie. Les radars pénétrants aéroportés (Airborne
Ground Penetrating Radar, AGPR), « essaient » d’imager la sous surface (invisible aux autres types de
capteurs que les radars) sur de trés grandes échelles, ce qui a de trés nombreuses applications
potentielles que cela soit dans le domaine militaire, avec 1’imagerie de cibles enfouies telles que les
mines, mais aussi de trés nombreuses applications civiles comme la surveillance et la caractérisation de
pollution ou I’estimation des ressources en eau. Plusieurs expériences ont montré que les radars a
synthése d’ouverture conventionnels basses fréquences (bande P ou L) pouvaient imager la sous-surface
sur quelques meétres, mais dans des conditions optimales ou le sol est presque entiérement sec. A notre
connaissance, il n’existe pas de systemes RSO (qu’ils soient aéroportés ou satellitaires) opérant avec du
Renversement Temporel, solution technique que nous proposons pour ’imagerie de la sous surface
(pour des conditions réalistes) et qui a suscité ces travaux, pionniers dans le domaine des radars
pénétrants. Pour cette raison, ces travaux de thése sont principalement basés sur des simulations
numériques. Cette démarche nécessite la définition et la validation des parameétres d’une mission RSO
pour des radars pénétrants, mais aussi une modélisation physique poussée, que cela soit du point de vue
hydrologique ou géologique afin de dériver les constantes diélectriques (ainsi que leurs variations), ce
qui est fait dans un premier chapitre du manuscrit. Le deuxiéme chapitre est consacré a la validation, ou
plus exactement a la connaissance des limitations des hypothéses d’application du Renversement
Temporel pour une onde se propageant dans le sol avec les modélisations physiques déduites du premier
chapitre. Dans ce deuxiéme chapitre nous proposons des techniques de compensation permettant de
corriger les pertes ¢électromagnétiques, lesquelles sont normalement une violation des hypothéses de
Renversement Temporel. Enfin le troisiéme chapitre propose et valide numériquement la conception
d’un systéeme RSO complet opérant en renversement temporel. Le renversement temporel nécessite de
repenser le systéme d’acquisition, mais aussi de redéfinir les algorithmes de focalisation
(radial/azimutale). Les simulations se concluent sur les résultats de focalisation de cibles enfouies a
différentes profondeurs dans différent types de sol et pour des RSO opérant a différentes porteuses. Ce
dernier chapitre présente aussi une premieére reconstruction de cibles enfouies a partir d’images RSO
obtenus par renversement temporel.

Comme nous 1’avons dit, le premier chapitre introduit les propriétés électromagnétiques du sol, la
géométrie de I’imagerie de la sous-surface a partir de capteurs aéroportés ainsi que les problémes relatifs
a la pénétration de I’onde électromagnétique, engendrés par la structure inhomogéne du sol. Puisque les
propriétés électromagnétiques du sol dépendent de sa structure géologique ainsi que de son profil
d’humidité, les données géophysiques collectées dans les profils du « Soil Typological Unit»
(STU) sont utilisées afin d’approcher le plus possible une structure réaliste tridimensionnelle du sous
sol présentant une surface (c’est-a-dire I’interface entre le sol et I’espace libre) nue et plate, cette
structure devant étre la plus représentative possible de la diversité du sous-sol. En effet, les bases de
données géophysiques sont une source fiable d’information sur la texture du sol a des profondeurs
importantes et sur de larges étendues spatiales (c’est-a-dire sur I’étendue de la mission du radar), en
particulier sur ’homogénéité des sous sols inspectés, ce qui est un aspect important de la planification
de mission d’acquisition sur de vastes zones, ce qui en général le cas des missions des radars a synthése
d’ouverture. En effet, un principe implicite de ce type de mission d’observation de la sous surface est
que la forme d’onde s’adapte au fur et a mesure de 1’acquisition, en particulier lorsque la structure du sol
change. De plus, bien que le probléme de 1’estimation du profil d’humidité ne soit pas le cceur de ces
travaux de thése, un simple calcul numérique du profil d’humidité (équation de Richards) montre que ce
profil est fortement dépendant du type de sol (car les parameétres hydrologiques varient fortement d’un
type de sol a I’autre). Les profils d’humidité montrent en général des discontinuités importantes aux
interfaces des différentes natures de terrain constituant le sous sol.

A partir des calculs numériques du profil d’humidité, les propriétés électromagnétiques, telles que la
permittivité relative complexe et la conductivité sont calculées grace a une fonction de pedotransfert
(traduisant ainsi I’approche conjointe géologique et hydrologique). Les caractéristiques liées a la



rétrodiffusion et a I’imagerie de la sous surface sont détaillées avec une attention particuliére portée a la
mod¢élisation de la propagation dans un milieu multicouche et sur la capacité de pénétration de I’onde
¢lectromagnétique. La propagation des impulsions électromagnétiques est analysée en fonction de
plusieurs paramétres tels que la fréquence ou la polarisation, lesquelles dépendent des caractéristiques
intrinseéque du Radar a Ouverture de Synthése. En effet, a cause de la dispersion fréquentielle du sous
sol, des atténuations non uniformes le long de la rampe fréquentielle (c’est-a-dire pour le chirp, forme
d’onde habituelle pour obtenir une image trés haute résolution) ainsi que de la variation de vecteur
d’onde ¢lectromagnétique (due au gradient des constantes di¢lectriques), 1’enveloppe de 1’impulsion
rétrodiffusée est déformée et des atténuations irrégulieres apparaissent lors de la propagation de 1’onde
dans un sol présentant des structures fortement inhomogenes. Ces déformations dénaturent 1’enveloppe
de I’impulsion, comme nous ’avons dit, et modifient la longueur effective de cette impulsion. Ces
différents effets conduisent a une dissipation de I’énergie qui, conjointement a la distorsion de
I’enveloppe, modifient profondément la sortie du filtrage adapté (qui sert a créer la partie radiale de
I’image) et dégradent fortement la résolution spatiale le long de cet axe radial (distance/profondeur). La
modulation de I’enveloppe donne aussi naissance a des cibles « fantdmes» qui introduisent une
ambigiiité sur 1’estimation de la profondeur des rétrodiffuseurs (c’est-a-dire sur leur localisation), mais
surtout conduisent a de fausses détection de cibles enfouies, ce qui est trés préjudiciable a ’utilisation de
I’information fournie par le radar a synthése d’ouverture. De plus, comme nous 1’avons déja dit, le
temps de propagation (aller et retour) de I’impulsion a travers la sous surface dépendent des propriétés
¢lectromagnétiques mais aussi de la hauteur des différentes couches consécutives. L’estimation de la
véritable localisation des potentielles cibles est un probléme de premiére importance en particulier pour
I’imagerie de la sous surface a des incidences obliques pour lesquelles la profondeur relative de la cible
(c’est-a-dire le ratio entre la véritable profondeur et la profondeur estimée) peut &tre relativement
grande. Pour ces incidences obliques, le mauvais placement de la cible a lieu conjointement sur I’axe
vertical et dans le plan horizontal, pénalisant encore I’utilisation de I’information radar pour la
localisation des cibles enfouies. Enfin, les effets de dispersion et d’atténuation se cumulant sur le trajet
aller-retour, plus le rétrodiffuseur (cible) est profond, plus ces effets sont prononcés et donc la
localisation de cette cible est rendue difficile.

Le deuxieme chapitre analyse et valide I’hypothése du Renversement Temporel (RT) dans un milieu
inhomogéne dispersif et a pertes. Aprés une courte introduction sur le principe du renversement
temporel associé aux ondes ¢électromagnétiques, les limitations de cette approche pour son application a
de I’imagerie de la sous-surface sont détaillées. Le renversement temporel consiste a émettre une forme
d’onde (dans notre cas un chirp) puis a enregistrer I’écho de cette onde émise, a renverser cet échos puis
a le réémettre. La technique du renversement temporel utilise la propagation multi trajet dans un milieu
hautement dispersif afin d’obtenir une trés haute résolution et donc d’améliorer les performances de
détection des cibles. Dans le domaine fréquentiel, le renversement temporel est équivalent a une
conjugaison de phase. Cependant la conjugaison de phase s’applique a des ondes monochromatiques,
alors que le renversement temporel s’applique a des impulsions larges bandes (fréquentielles) dans le
domaine temporel. Par conséquent, en opérant dans le domaine temporel, le renversement temporel peut
opérer sur des signaux a trés larges bandes et donc fournir des images a trés haute résolution dans des
milieux a pertes avec, dans notre cas, des porteuses située a des fréquences basses. Ce concept de
refocalisation utilise la réversibilité (autrement dit la réciprocité) du milieu ou se propage ’onde
¢lectromagnétique, ce qui signifie que I’onde électromagnétique, ainsi que sa renversée temporelle
peuvent se propager tous les deux dans le milieu de maniére symétrique (du point de vue temporel). En
absence de pertes (c’est-a-dire avec une conductivité nulle, ce qui n’est pas le cas du sous sol), les
¢quations de Maxwell vérifient cette réciprocité. L’algorithme de focalisation basé sur le Renversement
Temporel est alors décrit dans ce chapitre ainsi que les conditions nécessaires a son application. En effet,
I’approche par renversement temporel nécessitant deux émissions et deux réceptions, les schémas
d’acquisition par un radar (pas nécessairement a synthése d’ouverture) doivent alors étre repensés. Un
schéma opérationnel est proposé dans ce chapitre pour un systeme d’imagerie de la sous surface dans
une configuration double impulsion-écho avec dans notre cas un possible allongement du premier écho
di aux effets dispersifs de la sous surface, comme nous ’avons dit. Ceci nécessite d’ajouter un temps
supplément « de garde » afin de s’assurer que la réception de ce premier écho n’est pas perturbé par la
réémission lors du renversement temporel. Les différences avec les systémes de radars pénétrants



habituels ainsi que les développements de ce nouveau systéme d’acquisition sont discutés en détail dans
ce chapitre. Enfin, [’algorithme proposé est validé numériquement pour des cibles modélisées par des
diffuseurs isotropes distribués aléatoirement dans le sol. A la fin de ce chapitre, la refocalisation est
présentée pour toutes les structures de sol considérées (avec la méme localisation pour tous les
rétrodiffuseurs ponctuels) et pour différentes configurations de radars.

Le troisiéme chapitre présente le cadre général de 1’imagerie de la sous surface a partir de renversement
temporel pour un radar aé¢roporté avec synthése d’ouverture. Bien que le renversement temporel ait été
appliqué dans une grande variété de systémes de télédétection (qui ont confirmé expérimentalement les
avantages des approches par renversement temporel), 1’application du renversement temporel pour
I’imagerie haute résolution de la sous surface (avec notamment les limitations théoriques détaillées dans
le deuxieme chapitre) nécessite une modification des méthodes d’imagerie utilisées par les capteurs
mentionnés ci-dessus avec un effort particulier a porté sur le développement de nouveaux algorithmes de
traitement du signal pour la création de I’image radar haute résolution (notamment sur 1’axe azimutal).
L’impact de la dispersivité et des pertes électromagnétiques est discuté du point de vue spectral, larguer
de bande, pour deux cibles ponctuelles et isotropes avec trois largeurs de bandes de fréquences
différentes. En effet, 1’utilisation d’un signal présentant une bande de fréquences étroite (hypothéses
généralement faite pour les systémes habituels a filtrage adapté), ne permet, a causes des conditions de
propagation déja mentionnées, d’obtenir une information exploitable de la sous surface en particulier
pour faire une synthése d’antenne le long de I’axe azimutal. L’¢élargissement de la bande fréquentielle du
signal permet d’obtenir une information plus précise sur la nature du sol, mais se traduit par deux effets,
la premiére étant une atténuation irréguliére de d’enveloppe de I’impulsion, la seconde une distorsion de
la structure interne de I’impulsion électromagnétique. Une analyse de ces effets a conduit a la
reconstruction de la propagation initiale avec une amplification adaptative du signal, permettant ainsi la
restauration de la structure interne de I’impulsion. L’utilisation d’un filtrage non linéaire, adapté au
milieu que 1’on cherche a imager, accentue les capacités d’imagerie de I’approche par renversement
temporel.

En effet, le schéma des mesures en renversement temporel est décrit dans ce chapitre pour des Radars
pénétrants aéroportés dans une configuration monostatique comme nous ’avons dit c¢’est-a-dire dans un
mode de réflexion. Ce schéma différe significativement des systémes habituels utilisant le renversement
temporel, qui sont utilisés en mode de transmission et qui ont des objectifs trés différents du systéme
décrit dans ces travaux de thése. En particulier, au lieu de focaliser 1’énergie sur la cible (autrement dit
un récepteur pour un mode transmission), le but est d’obtenir une restauration de 1’impulsion cumulative
au cours du temps. Le schéma proposé a été validé sur une structure de sol approximée pour deux RSO
opérant a deux fréquences porteuses différentes (bande P et L) avec 200 Mhz de bande. Le phénoméne
de refocalisation a ét¢ vérifié sur les simulations pour chacune des structures de sol considérées et toutes
les localisations de cibles définies dans le chapitre précédent. Sur ces simulations, il a été observé que,
bien que les sols aient des structures différentes avec des couches de nature et de profondeurs différentes
qui affectent I’impulsion de manicres treés différentes, la restauration de I’impulsion est bien effective
pour tous les types de sols testés et pour toutes les fréquences de porteuses. De plus, dans une
acquisition avec renversement temporel, la confiance que 1’on peut avoir dans 1’acquisition du signal
lors de la premiére étape dépend des paramétres de la mission définis pour cette acquisition initiale.
Donc, une définition précise de ces parametres est nécessaire pour des missions de RSO pénétrants
aéroportés (avec retournement temporel) devant étre menées pour tout type de structures de sol, en
particulier sur des larges zones non arides.

Dans ce dernier chapitre du manuscrit, les données brutes (raw data) ont été simulées pour six différents
types de sol et deux radars (bande L et P). La géométrie de la mission a été dérivée de systémes
d’acquisition de radar a synthése d’ouverture existants, de maniére a étre le plus réaliste possible pour
I’acquisition (future) des données et pour le test du nouveau concept de RSO proposé (c’est-a-dire
fonctionnant avec un mode de renversement temporel) ainsi que pour la validation des algorithmes qui
découlent de ce nouveau mode d’acquisition particulier. Les résultats de ce chapitre montrent que les
radars en bande P ont une plus grande possibilité d’imagerie que les radars en bande L (alors que la
conclusion était inverse pour les RSO travaillant en mode usuel, sans retournement temporel). En effet,



pour les RSO classiques, les radars en bande P présentent de plus grandes distorsion que ceux en bande
L, alors que les atténuations (dues aux pertes) soient plus faibles en bande P et permettent donc de
meilleurs acquisition (rétrodiffusion plus forte). Par conséquent, les acquisitions avec renversement
temporel sont mieux adaptées au milieu imagé pour la bande P. En effet, plus I’écho de la premicre
émission est distordu (cas de la bande P), plus le signal est restauré lors de la seconde acquisition si le
niveau d’énergie est suffisant. Du point de vue de la synthése d’antenne le long de I’axe azimutal, un
algorithme habituel, le RDA (Range-Doppler Algorithm), a été appliqué afin de vérifier la possibilité de
synthétiser une image RSO avec une acquisition en mode de renversement temporel (pour 1’axe radial).
Dans ce chapitre, lorsque la compression d’impulsion sur 1’axe radial est effectuée avec le réplica
normal, (c’est-a-dire le chirp émis) apres le retour du second écho, la correction de trajectoire (Range
Cell Migration, RCM) et la fonction de référence azimutale doivent étre changées afin de tenir compte
de l’intensification du déphasage dans I’étape d’exploitation de 1’émission du renversement temporel
(Time Reversal Probing, TRP). Par conséquent, le renversement temporel a des effets conjoints sur la
compression radiale, mais aussi sur la compression azimutale dans la formation de 1’'image que nous
proposons, ces nouveaux algorithmes conduisant a des images mieux focalisées que celles issues des
algorithmes usuels. La comparaison des profils azimutaux montre alors une restauration de la résolution
azimutale la plus fine. L’intensification du déphasage pourrait aussi affecter d’autre type de formation
de I’image (c’est-a-dire dans I’étape de synthése d’antenne), mais cela n’a pu étre testé dans le cadre de
ces travaux de thése.

Ce dernier chapitre se conclue par un premier test d’interférométrie a partir des images RSO générées
par des techniques de renversement temporel, montrant ainsi 1’intérét de cette approche pour la
surveillance de structure enfouies. L’intensification du déphasage, introduit par le renversement
temporel, accentue la différence de phase dans I’interférogramme. Pour un scénario avec un
rétrodiffuseur ponctuel, la reconstruction, avec un processus de renversement temporel, est meilleure
que celle des algorithmes classiques avec une seule émission. Cependant, une analyse compléte des
possibilités de la reconstruction de cibles enfouies a partir d’interférogrammes extraits d’images RSO
produite par renversement temporel nécessite la définition d’une hauteur d’ambiguité par rapport a la
longueur de la ligne de base (afin d’éviter la décorrelation), cette analyse devant &tre effectuées en
relation avec des données réelles.

Les principaux résultats de cette thése peuvent se résumer en 4 points

-Nous avons propos¢ un modele réaliste des propriétés diélectriques du sol prenant en compte
son inhomogénéité tant du point de vue géologique qu’hydrologique.

-Nous avons proposé une méthode qui permet de compenser les effets dispersifs de la structure
(inhomogene) du sol lors de la propagation de I’impulsion électromagnétique dans ce sol en utilisant le
renversement temporel. Nous avons aussi proposé une technique de compensation des pertes
¢lectromagnétiques (qui théoriquement perturbe le renversement temporel).

-Nous avons proposé un nouveau schéma d’acquisition d’un RSO opérant avec du
renversement temporel, la double émission nécessitant de redéfinir ces paramétres d’acquisition.

-Enfin nous avons retravaillé les algorithmes de formation de I’image que cela soit pour 1’axe
radial (renversement temporel), mais aussi pour I’axe azimutal.

Bien entendu, ces travaux de thése doivent étre validés sur des données réelles. Les modifications des
algorithmes de synthéses doivent étre aussi définies pour d’autres algorithmes que celui utilisé dans
cette these (RDA). Enfin I’interférométrie a partir d’images RSO obtenues par renversement temporel
doit étudiée plus en profondeur.



ABSTRACT

Synthetic aperture application for the focusing
and interferometry of buried structures

This dissertation addresses the problem of the application of synthetic aperture and
interferometry techniques for low frequencies (VHF, UHF, P, L. bands) airborne/satellite-
borne radars imaging over non-arid (in general, unknown) areas for civilian and defence
applications. The experimental results, published so far, shown that the airborne Synthetic
Aperture Radar (SAR) reached the sufficient penetration depth in soil structure down to
several meters in homogeneous and dry soil. Hence, whereas such areas with homogeneous
and dry soil rarely occur in natural environment, the convenience of SAR application de-
creases significantly due to the soil effect on electromagnetic wave as pulse distortion and
envelope deformation caused by dispersion and frequency-dependent attenuation. When soil
is considered as inhomogeneous medium and modelled based on the pedotransfer (geologi-
cally and hydrologically-motivated) approach, the Time-Reversal (TR) technique, through
its refocusing ability, can be used for pulse regeneration and for restoration of undisturbed
range resolution required for the essential azimuth processing by SAR methods.

We start by soil modelling based on the real geological data and assumed meteorological
history to obtain as realistic as possible soil structures. Using the pedotransfer approach,
the dielectric constants and conductivity are modelled. Then the mission geometry is defined
and features related to subsurface imaging are analysed. We continue with the TR, concept
and its limitations for inhomogeneous media. The TR-based acquisition method is proposed
for airborne platform with the analysis of its differences, challenges and expectations. Then,
the proposed method of scanning is investigated in two different radar band (P, L) under
several assumptions. The refocusing and pulse restoration effects are presented for all consid-
cred soil structures and location of buried objects. When the proposed algorithm is verified,
the acquisitions is repeated along the synthetic aperture line over bare and flat soil with
inhomogeneous-in-depth properties. The image formation method is applied to verify the
TR impact on SAR processing in azimuth direction. Finally, interferometric phase method is
applied for soil structure reconstruction.

Although we only consider imaging from airborne platform, the proposed algorithm and
all contributions presented in this dissertation can be directly adapted for satellite-borne
system or modified for Ground Penetrating Radar (GPR) systems.



RESUME

Application de la synthése d’ouverture pour la focalisation
et ’interférométrie de structure enfouies

Ce manuscrit aborde le probleme de Papplication de la synthese d’ouverture radar et
des techniques d’interférométrie, pour des radars (sur satellites ou aéroporté) ayant pour but
d'imager la sous surface de zones non-arides (zones dont les caractéristique sont en général
inconnues) pour des applications soit de défense, détection de mines, soit civiles, comme la
surveillance de structures dans le sol. Les résultats expérimentaux, publiés jusqu’ici, mon-
trent que les radars a synthése d’ouverture aéroportés peuvent atteindre des profondeurs de
pénétration de plusieurs metres dans un sol homogene et sec. Ceci est suffisant pour les ap-
plications usuelles militaires ou civiles visées par la surveillance de zones par des radars a
synthese d’ouverture (RSO). Cependant, de telles zones, présentant un sol homogene et sec,
se rencontrent rarement dans la nature, et donc 'intérét d’appliquer les techniques usuelles
d’imagerie RSO décroit fortement pour les autres types de surface et de sol a cause des distor-
sions de I'enveloppe de 'onde électromagnétique par les cffets de dispersion et d’atténuation
dans des sols humides. Si 'on consideére le sous sol comme un milieu inhomogeéne et qu’on
lui applique conjointement un modeéle basé sur une fonction de pedotransfert (avec des sous
jacents géologiques et hydrologiques), I’approche par Renversement Temporel, grice a ses
capacités de refocalisation adaptative pour étre utilisée pour la refocalisation/régénération
de l'impulsion électromagnétique afin de préserver la résolution radiale. Ceci est une condi-
tion primordiale afin d’appliquer les algorithmes de traitement d’antenne synthétique pour
obtenir une résolution radiale la plus haute possible comme cela est nécessaire pour obtenir
une résolution azimutale satisfaisante.

Unc premicre partic de ce manuscrit cst consacrée a la moddélisation du sol basée sur
des données géophysiques réelles et en supposant un historique météorologique connu afin de
d’obtenir une modélisation du sous sol la plus réaliste possible. Les constantes diélectriques
ainsi que la conductivité sont alors déduites par une approche par fonction de pédotransfert.
La géométrie d’acquisition des données est alors définie et les caractéristiques de I'image du
sous sol sont ensuite analysées. Le manuscrit se poursuit par une présentation du concept
de renversement temporel ainsi que de ses limitations pour un milieu inhomogene, dispersif
et a pertes. Si la dispersivité ne pose pas de problemes fondamentaux, les pertes dues a la
conductivité sont une violation importante des hypotheses de renversement temporel, car
dans ce cas, les équations de propagation ne sont plus réciproques du point de vue temporel.

Dans une seconde partie, le concept de RSO basé sur ce concept de renversement tem-
porel TR-based acquisition est alors proposé pour un radar aéroporté. L’utilisation d'une
forme d’onde adaptative implique en particulier de diminuer la répétition de 1’émission des
impulsions électromagnétique (connue sous l'acronyme anglo saxon de PRF) car chaque ac-
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quisition sur ’axe radial (temps rapide) nécessite deux émissions. Cette réduction implique
en particulier de diviser, au minimum par la résolution azimutale (temps lent). Cette perte
de résolution peut étre supérieure car des marges doivent étre prises en considération a cause
des effets de dispersion qui peuvent allonger la durée effective de I'impulsion, cet étirement
étant inconnu. La méthode ainsi proposée a été testée pour deux radars (en bande P et L,
respectivement). Les effets de restauration de 'impulsion et de sa refocalisation sont présentés
pour tous les types de sol considérés ainsi que pour diverses localisations d’objets dans le sous
sol. Quand la méthode proposée permet la refocalisation radiale, les acquisitions sont répetées
le long de la ligne de synthese d’antennes sur des sols nus présentant des inhomogénéités le
long de I'axe vertical. La méthode de formation de I’image est alors appliquée afin de vérifier
I'impact du renversement temporel sur la refocalisation le long de la direction azimutale.
Dans une derniére partie de ce manuscrit la méthode de reconstruction des images a synthese
d’ouverture est appliquée sur deux images interférométriques afin de vérifier la reconstruction
sur de structures étendues dans le sous sol.

Bien que nous ayons considéré I'imagerie a partir des algorithmes proposés et toutes les
contributions présentées ici peuvent dircctement étre adaptées pour des images d’imagerics
satellitaires ou modifiée pour des systéemes GPR (Gound Penetrating Radars).
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Zastosowanie techniki syntetyzowania apertury anteny
w technologii penetracji gruntu

Rozprawa doktorska podejmuje problematyke opracowania algorytmu wykorzystujacego
technike syntetyzowania apertury anteny (SAR - Synthetic Aperture Radar) i techniki inter-
ferometryczne do radarowego obrazowania optycznie niewidocznej struktury gruntu z poktadu
powietrznych platform w zakresie niskich czestotliwoéci mikrofalowych (VHF, UHF, P, L).
Dotychczas opublikowane wyniki pomiaréw przeprowadzonych eksperymentalnie wykazuja,
ze w sprzyjajacych warunkach geologicznych mozliwa jest penetracja i obrazowanie przy-
powierzchniowej struktury gruntu z wykorzystaniem algorytméw SAR do glebokosci kilku-
nastu metréw. Z uwagi na fakt, ze obszary o geologicznie jednorodnej i suchej teksturze
gruntu wystepuja bardzo rzadko w naturalnym sSrodowisku, nie jest mozliwe pelne wyko-
rzystanie mozliwosci algorytméw SAR do obrazowania dowolnego obszaru Ziemi. Dysper-
syjna i stratna natura przypowierzchniowych warstw gruntu wplywa na strukture czasowo -
czestotliwoSciowa 1 obwicdni¢ sygnatu sondujacego silnic ja deformujac i znicksztalcajac, co
prowadzi do pogorszenia wynikéw filtracji optymalnej ze wzgledu na niedopasowanie miedzy
sygnatem echa radarowego a funkcja referencyjna. Rozwazajac strukture gruntu jako sil-
nie niejednorodng i modelujac jej parametry elektromagnetyczne z wykorzystaniem funkcji
transferu (bazujacej na jej parametrach geologicznych i hydrologicznych) mozliwe jest za-
stosowanie techniki odwréconego czasu (TR - Time-Reversal) do odtworzenia struktury
czasowo-czestotliwosciowej sygnalu. Jest to warunkiem koniecznym do zastosowania algo-
rytmow SAR, a zapewnienie wysokiej rozréznialnodci w dziedzinie odlegtodci jest kluczowe
dla uzyskanie wysokiej rozréznialnosci w dziedzinie azymutu.

Picrwsza cz¢é¢ rozprawy poswigcona jest zagadnicniu modclowania paramctrow ge-
ofizycznych przypowierzchniowych warstw gruntu w oparciu o rzeczywiste dane geolog-
iczne i zalozona historie opadéw meteorologicznych. Celem modelowania jest opracowanie
struktur geologicznych odzwierciedlajacych przypowierzchniowe warstwy gruntu w mozliwie
najwierniejszy sposéb. Parametry elektromagnetyczne gruntu obliczono z wykorzystaniem
funkcji transferu. Nastepnie przeanalizowano geometrie funkcjonowania systeméw SAR wyko-
rzystywang do sondowania przypowierzchniowych struktur gruntu i scharakteryzowano wtas-
ciwosci radarowego obrazowania gruntu. Przedstawiono zatozenia wykorzystania techniki TR
do odtworzenia struktury czasowo - czestotliwosciowej sygnatu wraz z analizg ograniczen jej
zastosowania w osrodku niejednorodnym, dyspersyjnym i stratnym.

W drugiej czesci rozprawy przedstawiono koncepcje zastosowania algorytméw SAR
wykorzystujacych technike TR do radarowego obrazowania z pokladu platform lotniczych.
Jednym z warunkéw zastosowania techniki TR, jest odpowiednie dopasowanie czestotli-
wosci powtarzania impulséw sondujacych (ang. PRF), ktéra w ogdélnym przypadku musi
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byé zmniejszona, aby zapewni¢ dwukrotna transmisje sygnatléw. Redukcja PRF wplynie
niekorzystnie na jako$é syntetyzowania apertury anteny i rozréznialno$é azymutalng zobra-
zowania. Wartos¢ PRF musi by¢ odpowiednio dobrana, by zapewnié¢ akceptowalng rozréz-
nialno$¢ oraz poprawng akwizycje sygnaléw z nieznanego osrodka. Proponowana metoda
zostata przetestowana dla dwoéch radardéw pracujacych w réznych pasmach czestotliwosci
(w pasmie P i L). Efekt odtworzenia struktury czasowo - czestotliwosciowej sygnalu oraz
ponowncgo zogniskowania cnergii zostal przedstawiony dla wszystkich rozwazanych struk-
tur geologicznych gruntu i réznej lokalizacji ukrytych obiektéow. Pozytywne zweryfikowanie
proponowanej metody skanowania i przetwarzania sygnaléw pozwolil na jej powtoérzenie
wzdluz toru lotu platformy nad obszarami o niejednorodnej strukturze gruntu. Nastepnie
zweryfikowano wplyw techniki TR na jako$é syntezy zobrazowania wzdluz syntetycznej aper-
tury. Na przykltadzie algorytmu RDA (Range-Doppler Algorithm) wykazano, ze zastosowanie
techniki TR wymusza modyfikacje parametréw wykorzystywanych do syntezy funkcji refer-
encyjnej. Ponadto, zastosowano techniki interferometryczne do zweryfikowania mozliwosci
rekonstrukcji przypowierzchniowych warstw gruntu.

Mimo, zc przedstawione w tej rozprawic rozwazania i wnioski dotyczg radarowego obra-
zowania z pokladu powietrznych platform latajacych, moga zostaé one zaadaptowane w sys-
temach satelitarnego obrazowania lub zmodyfikowane na potrzeby systeméw georadarowych
(GPR - Ground Penetrating Radar).
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CHAPTER

INTRODUCTION

1.1 Problem Statement

The thrust of this dissertation is to develop Time-Reversal (TR)-based Synthetic Aperture
Radar (SAR) algorithm for airborne/space-borne imaging of buried targets leading further to
soil structure reconstruction with interferometric method. The airborne radar system, referred
to as Airborne Ground Penetrating Radar (AGPR), intended for the subsurface imaging of
optically invisible soil structure over a large scale, potentially has several meaningful applica-
tions in a broad range, starting from above-mentioned buried targets imaging, through many
civilian applications, including detection and characterization of pollution and ground water
resources, and up to defence/military applications, as minefields localization.

To the best of our knowledge, the current SAR systems (airborne or space-borne) do not
operating in time-reversed mode, hence, this dissertation is based on simulations and assumes
that the imaging geometry and parameters of the AGPR as well the soil dielectric constant
are all sufficient to give acceptable ground penetration. Experimental results, published so
far, show that the penetration depth over few meters is possible.

Moreover, to ensure the soil effect as realistic as possible, this dissertation aims at the
soil modelling as a geologically inhomogeneous, dispersive and lossy medium with isotropic
electromagnetic properties. In contrast to assumptions on homogeneous soil widely encoun-
tered in related literature, the efforts were made to use the textural soil profiles from ge-
ological database for approximation of the three-dimensional soil structure with small and
non-uniform height of successive layer, and to calculate the dielectric constant based on
the pedotransfer (geologically- and hydrologically-motivated) approach. Approximated soil
structures and parameters are used for exact estimation of backscattered returns in both
conventional SAR acquisitions and TR reflection mode.

1.2 Motivations and Literature Review

From the radar paradigm [1], the Synthetic Aperture Radar (SAR) has become one of the
most important engineering inventions in the remote sensing domain of the last century. This
radar [2] imaging technique, based on combining the theory of antenna and signal process-
ing methods and leading to improvement of the azimuthal resolution [3], is being continu-
ously developed and has found innumerous fields of applications in the modern world. Until
now, different operating modes, various signal processing algorithms and image reconstruc-
tion methods have been developed: starting from the conventional single-polarization single-
path operation modes, such as the Strip-map SAR, the Spotlight SAR and the ScanSAR
[4-13], lcading to rcconstruction of the surface reflectivity image based on Range-Doppler or
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frequency-wavenumber (w — k) domain algorithms [14,15]; through the advanced image pro-
cessing methods applied in order to improve the quality of SAR image, e.g., reduction of the
speckle [16], which is a signal dependent granular noise that visually degrades the appearance
of SAR focused image; and up to sophisticated operating mode and robust signal process-
ing algorithms developed in order to extract quantitative information about observed area
from mutually correlated (at least two) complex SAR images [17,18], as Interferometric SAR
(InSAR) [19-23], Polarimectric SAR (PolSAR) [24-26] and Polarimetric SAR Interferometry
(Pol-InSAR) [17,27]. InSAR retrievals terrain topography from an interferogram, which rep-
resents the phase difference between two complex SAR images of the same scene acquired at
various look angles. PolISAR uses various polarization channels to extracts information about
different backscattering mechanisms from a terrain surface highly related to orientation, ge-
ometrical reflectivity and geophysical properties such as roughness and humidity. Pol-InSAR
is based on the coherent combination of inteferograms acquired at different polarizations
[17]. Several SAR space-borne (for instance: RADARSAT-2, TerraSAR-X) or airborne sys-
tems are being operated today, and another will be launched soon, to ensure unique imaging
capabilities independent from daylight, clouds and weather conditions. Moreover, nowadays
the space-borne systems are widely organized in satellite constellation for improving spa-
tial resolution and bistatic imaging. Generally, these systems operate in a wide frequency
range: VHF (30 MHz — 300 MHz), UHF (300 MHz — 1000 MHz), L. (1.0 GHz — 2.0 GHz),
S (2.0 GHz — 4.0 GHz), C (4.0 GHz — 8.0 GHz), X (8.0 GHz — 12.0 GHz) and with different
bandwidth [2], as well in various mode of scan, in co- or/and cross-polarized channels, and
provide the purpose-dependent resolution (from a few meters to tens of centimetres) and area
of the observed swath (from a hundreds to thousands squares metres).

Although that the area of SAR application is vast and mainly focused on terrain sur-
face imaging in many fields as geology, agriculture, forestry, cartography, hydrology, urban
and disaster monitoring, many recent research activities deals with subsurface parameters re-
trieval. These activities are focused around the surface moisture and subsurface wet structure
retrieval [28,29], with different frequency bands, polarizations and incident angles as well as
different correlation results between estimated and real values of soil moisture [29, Table 2].
Moreover, subsurface imaging and its parameters estimation is a constantly growing field of
interest in the whole remote sensing domain, not limited only to the SAR systems. Nowadays,
the Ground Penetrating Radar (GPR) [2,30,31] is the leading radar technology intended for
non-destructive microwave imaging of subsurface structure of the soil. These surface-based
systems are typically mounted on a van or remotely operated vehicle. The transmitter and re-
ceiver antennas (bistatic mode) are placed at the height up to several centimetres and mostly
directed perpendicularly (down-looking) to the terrain surface. GPR directly sends the Ultra-
wideband (UWB) [32] Electromagnetic (EM) waveform toward the soil structure through the
air-terrain interface, and records backscattered energy from the soil’s inhomogeneities in the
form of so called A-scan. The GPR frequency range spreads from several megahertz to a few
gigahertz. Although the exact bandwidth of GPR frequency is not precisely defined, for the
effective, in other words, the deeper penetration into the soil as low as possible frequencies
are used, because the attenuation in the soil increases as the frequency increases. Thus, the
low frequency band (in general VHF, UHF, P, L. band) are referred to as GPR frequency [2],
and allows the imaging of ground down to few meters, which is suitable for buried object
detection and localization. A typical GPR image, referred to as the B-scan, is formed from
coherently collected A-scans along the displacement path and recorded in uniformly spaced
positions along movement direction, with constant Pulse Repetition Interval (PRI). Thus,
the B-scan image is defined in the coordinates identified with ground displacement axis and
delay time axis (recognized as the depth). Unfortunately, due to finite beam width of the main
lobe of the antennas, the B-scans exhibit defocused characteristics in movement direction.
The data collection scheme, i.c., Pulse Repetition Frequency (PRF), constant and low vehicle
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velocity, beam width of the transmitter and receiver antennas and the mounting height of
the antennas, result in hyperbolic curves characteristic for buried targets. However, several
imaging methods were applied for shallowly buried objects localization. In recent years, var-
ious GPR, system, e.g., the stepped frequency [33-36] or impulse [37], more often use the
SAR-based processing for focusing the GPR images [38,39]. For example, in time-space do-
main [33,35,37,40] or frequency-wavenumber (w — k) domain [41,42] as well as with Stolt
Migration [36], Range Migration [43], Time Migration [44] and Multiple Signal Clasifitation
(MUSIC) [45] algorithms. Moreover, the SAR algorithm based on the wavelength reduc-
tion in reconstruction process [46] (with constant €, in entire illuminated soil structure) was
proposed for subsurface imaging, as well the interferometric technique has been applied for
SAR-based algorithms for GPR images [47]. Although, the SAR was originally invented for
airborne/space-borne high-resolution imaging of terrain surface, a common feature between
SAR and GPR imaging processes, i.e., they are formed as a result of antenna movement
above the surface at constant height, allows one to apply the SAR-based focussing technique
for improving the quality of B-scan images. Furthermore, similarly to improving the SAR
images quality, by a speckle reduction, the improving of GPR images is performed by surface
reflection (surface clutter) removal [48-50]. For deeply located objects, the backscattered sig-
nal arrived later than ground reflection and gating the time signal allows one to remove the
ground clutter. Unfortunately, the shallowly buried objects are blurred and masked [51] due
to strong backscattering from ground surface. Hence, the correct clutter reduction enhances
the shallowly buried object detection, in particular, with regard to small and non-metallic
land mines or IDE detection. In contrast to the speckle reduction in focused SAR images,
which is post-processing method, the surface clutter reduction is a preprocessing method
resulting in improving the unfocused B-scan quality.

However, besides to the fully proven capabilities of subsurface imaging and soils’ parame-
ter retrieval, the GPR technique has a several drawbacks limiting its functionality. Firstly and
foremost, GPR. has a limited area of imaging, thus significantly reducing the ability to image
complex and vast buried structures only to local-scale applications. Even in laboratory condi-
tions, the imaging of large areas using GPR is highly lobar investment and time consuming.
The area of the GPR imaging process depends on three factors, i.e., on the width of footprint
over the surface (antenna pattern and height), on the total displacement length, and on the
effective penetration depth of soil. Since the antenna pattern and total displacement length
can be both selected in dependence on system requirements, the effective penetration depth
of soil is a physically-dependent issue. Secondly, different soil types affecting the dielectric
contrast between buried objects and surrounding soil structure [52] (i.e., dielectric constant
of the soil can be similar to dielectric constant of the buried object), and in results, affecting
the GPR signature [53] as well as the detection performance of GPR system [54]. And finally,
propagation speed and attenuation of EM wave in the soil depends on may factors, including
soil geological texture and moisture profile, and thus the SAR-based focussing is degraded by
unpredicted phase errors along the synthetic aperture [55] due to the inevitability of propa-
gation velocity uncertainty. In fact, limitation of the GPR functionality can be identified with
operating volume limitation. More specifically, for GPR system both the maximum survey
depth and terrain surface area under simultaneous investigation are limited. The maximum
depth of GPR imaging is physically-dependent issue, however, the area under simultaneous
investigation can be significantly extended by increasing the height and/or aperture of anten-
nas as well as changing the incident angle. Some of the down-looking ground-based system
operates with array antenna (one-dimensional (1-D) or two-dimensional (2-D) aperture). For
instance, the Polish consortium of the Military University of Technology and the Bumar Elec-
tronika S.A. has developed the platform HABUB with Continuous Waveform (CW) radar [56]
designed for hazardous object detection. Another type of ground-based system functioning
as Forward-Looking Ground Penctrating Radar (FLGPR), for cxample, the ALARIC Radar
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System [57,58] designed and developed by the US Army. Both systems provide an increase
in the width of the observed area, which is highly important for imaging the road lying in
the waysides of the military convoy. Furthermore, in the recent years some tests have been
made to mount the GPR on a helicopter-borne platform [59,60] in the down-looking config-
uration. This solution leads to a significant increase of the simultaneously investigated area,
but requires robust positioning algorithm of the antenna system due to the antennas hanging
on the lines a few meters below the helicopter. The results of on-ficld helicopter-based GPR
experiment using the tomographic approach were presented in [61]. Moreover, an analysis of
a space system operating as a GPR and aimed at achieving adequate penetration depth and
accuracy was performed in [62]. However, as mentioned earlier, both GPR and SAR imag-
ing processes are formed as antenna movements over the surface. A lot of efforts have been
performed to combine those imaging processes into a system working in the Side-Looking
Airborne Radar (SLAR) configuration and using the SAR technique for imaging the subsur-
face structure. The essential attribute of the Airborne Ground Penetrating Radar (AGPR)
system lies in the combining the advantages and key features of the both well-known imaging
techniques, as airborne SAR and ground-based GPR, and operating over a large scale and to
adequate penetration depth as well as providing a high resolution imaging capabilities.

Some early attempts at AGPR concept have been already performed with the use of
Shuttle Imaging Radar (SIR) imaging instruments in the 80s of the last century. Firstly,
in 1982, the SIR-A [63] has been used in the pioneering experiment in order to reveal the
subsurface valleys [64] over the Eastern Sahara at a constant look angle of 47°. Two years
later, in 1984, the SIR-B [65] has been used over the Eastern Sahara for subsurface imaging of
a sand-buried landscape [66] and for controls on signal penetration and subsurface scattering
|67] as well as for study on microwave penetration and attenuation in Nevada desert soil [68].
While both SIR-A and SIR-B operated as SAR system in L-band (23 ¢cm wavelength) with HH
polarization, i.e., both H-polarization for transmission and reception, the SIR-B was improved
by a mechanically tilting antenna for imaging at selectable look angles between 15° and 60°
[65]. One decade later, in 1994, the SIR-C/X-Band SAR, has been used for snow mapping
in the Alps region [69]. In contrast to the previous SIR imaging instrument, the SIR-C has
been enhanced with additional X-band and quad-polarization (HH, HV, VH, VV) modes [29].
Successively to the use of shuttle-based imaging instruments, at the turn of the centuries, the
aircraft platforms were being applied more frequently as a carrying platform for SAR systems.
For instance, in 1998, the P-3 airborne platform, developed by the National Aeronautics and
Space Administration (NASA), was used in the polar ice thickness measurements along the
south-west Greenland 2000-contour line [70]. Furthermore, several SAR systems operating in
the low frequency band (P- or L-band) have been developed and used for subsurface imaging
and parameters retrieval. Selected configurations of those system ware compared in Tab. 1.1.
The French agency Office National d’Etudes et de Recherches Aérospatiales (ONERA) have
developed the Radar d’Analyse MultiSpectral et d’Etude des Signatures (RAMSES) [71]. In
2001, the RAMSES was used for P-band [72,73] and for polarimetric L-band [28, 74] data
collection over Pyla Dune in France. Later, the RAMSES has been used for L-band subsurface
imaging in south-central Egypt [75], i.e., over the same site investigated previously by the
SIR-A [64] and SIR-B [67]. Moreover, the German agency Deutschen Zentrum fiir Luft-und
Raumfahrt (DLR) have designed the Experimental SAR (E-SAR) four-band sensor [76], that
was used for the analysis of physical backscattering properties of the imaged area [24], and
the Jet Propulsion Laboratory (JPL) have developed the Airborne SAR (AIRSAR) that
was used, for instance, to investigate the sand thickness effect on radar backscatter from
subsurface structure [77] based on the L-band data acquired over the Dumont Dunes area.
In outlined above AGPR experiments the estimated penetration depth varies from 1.5 m
down to several meters. However, these SAR experiments have been carried out over the
so-called arid arcas, mostly over desserts [64,66—68, 75], dunes [28,72,74,77] and over snow
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Table 1.1 Comparison of selected airborne SAR systems operating in low frequency range and used
for subsurface imaging and parameters retrieval: f. is the centre frequency, B¢ is the bandwidth.

Radar System fe By Source
1D & Band [GHz] | [MHz]
Radarl P-3, VHF 0.150 20 [70]
Radar2 | E-SAR, P 0.360 30 [76]
Radar3 | RAMSES, P | 0.435 70 [72]
Radard | AIRSAR,L | 1.200 | 75 [77]
Radar5 | E-SAR, L 1.300 75 [24,76]
Radar6 | RAMSES, L | 1.600 200 | [28,74]

[69] and glacier [70]. Due to the natural environmental conditions, the structures of desert
sands and glaciers are strongly similar to a homogeneous structure (dry sand, snow or ice)
with almost constant EM properties in the investigated site. Hence, the propagation medium
can be approximated as two homogeneous half-spaces, i.e., free space (radar space) and a
material medium. A similar homogeneous approach of the soil geological structure and nearly
optimal conditions for EM wave propagation, with constant values of permittivity ¢ and
conductivity o, was used for AGPR concept in theoretical analysis and design considerations
|78-80], numerical simulations and processing [46,81-84] and laboratory experiment [85,86].
Theoretical aspects of imaging targets buried below earth’s surface addresses the dispersion
and reflection, side lobe attenuation, usable bandwidth of the radar and dynamic range
[78]; resolution and antenna size, signal bandwidth and processing capability [79] as well
as impact of altitude and swath wide on averaged power and waveform shape [80]. The
comparison between surface and buried point targets imaging, in side-looking mode and
with chirp signal, has been presented in [81] and the numerical results of tunnels detection
for two general cases of soil type, i.e., nondispersive sandy soil and dispersive clay loam
soil, are shown in [82]. Furthermore, the results of AGPR numerical simulation with various
surface roughness was conducted in [83], and with different bistatic antenna arrangements
and flight heights in [84]. The results of laboratory experiment and numerical modelling of
AGPR concept was presented in [85]. In [86], the InNSAR technique was used for topography of
sand-covered bedrocks in homogeneous media (arid and deserts areas) and was confirmed by
in laboratory-scale model with dual-frequency InSAR (VHF, Ka). All the above-mentioned
efforts [63-86] are based almost completely on homogeneous and well-know soils structure.
However, such a broad interest in the problem of soil structure imaging encourages to further
rescarch of solutions, that can be universal and soil independent.

Unfortunately, such a homogeneous approximation of the soil structure, in all the above-
mentioned works considering airborne subsurface imaging, does not correspond to the vast
majority of lands, which are a mixture of different soil types, arranged in horizontal-layered
structures with varied texture and parameters inside a geological soil’s horizons. Due to the
inhomogeneous, dispersive and lossy nature of the soil, the backscattered signal derived from
multi-reflections of the electromagnetic waveform transmitted through the soil is disturbed by
dispersion and lossy effects. In general, wave propagation in soil structure can be considered as
wave propagation into rich scattering channel, where soil discontinuities represents secondary
scatterers (clutter). Furthermore, multipath components of wave imposed on cach other and
on the transmitted radar waveform thus leading to envelope modulation and phase fluctuation
in the received signal. This, in consequence, leads to energy dissipation and received pulse
distortion strongly affecting the output of the matched filtering and significantly degrading
the range (depth) resolution (the replica of transmitted signal is not well matched to received
signal). Detailed analysis of the low frequency SAR focusing problems was carried out in [87]
with special emphasis of attenuation, range defocusing and misplacement. Foremost, the most
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important problem is the strong defocussing of the backscattered signal in range (depth)
dimension, which decreases the detection capabilities, since the energy level of the focusing
point is much weaker than expected. Due to the velocity changes in soil, the target is not
correctly focused in its origin location (depth misplacement), the energy dissipation leads
to the occurrence of the ghost (apparent) targets. Moreover, the information contained in
the phase of the backscattered signal is difficult to extract in order, for example, to measure
the height of buried structurc. Therefore, the primary step to take advantage of the SAR
processing should be firstly the neutralization (or compression) of the defocusing effects in
depth dimension.

Since the soil can be approximated as a cluttered channel, because of the geological dis-
continuities between consecutive soil horizons and its natural belongings as rocks and under-
ground water fields, the method to overcome the defocusing effect and to provide a significant
enhance of detection gain is the use of time-reversal approach. The Time-Reversal (TR) tech-
nique was introduced by Fink et al. [88,89] to focus an ultrasonic wave on a target through an
inhomogeneous channel with the use of a Time-Reversal Mirror (TRM). In TR technique, the
backscatter ccho of an initially transmitted signal into a scattering medium is receded, cnergy
normalized and retransmitted through the same scattering medium. Basic principles of the
TR [90] state that the spatial-temporal Matched Filtering (MF) performed by Time-Reversal
Array (TRA) is optimal and self-adaptive technique that compensate any propagation distor-
tions through inhomogeneous media. In practice, TR exploits the multipath propagations in
a highly scattering medium to achieve supperresolution, i.e., resolution which is better (finer)
than the classical diffraction limit (Rayleigh resolution) [91]. The TR focusing is obtained by
constructive interference of multipath components of the wave at the scatterer location. As-
sumptions of the TR have been verified experimentally [92], and later, applied and confirmed,
for instance, in ultrasound medical imaging [93]. Recently, the positive result of TR studies
in propagation of acoustic waves and ultrasound in randomly layered media [94], resulted in
growth of interest rescarch groups (lead by M. Fink, J. M. F. Moura and F. L. Teixeira) in the
use of TR-based focusing methods for EM waves [95,96]. In particular, for the experimental
and numerical investigation on UWB waves propagation and focusing at initial source loca-
tion in random media [97-99] using either TRA or single antenna, and in active and passive
mode. TR experiments with single antenna [100] and antenna arrays [101] confirmed, that
the TR detection provides increase of the detection gain and Signal-to-Noise Ratio (SNR)
over conventional radar detection, also for targets immersed in cluttered environment [102].
Moreover, besides the significant increase in the detection gain, the TR approach allows one
for the best match of the probing signal to the intervening medium in retransmission. Over-
all, in the last years, the TR technique has been incorporated (mostly numerically) into wide
number of remote sensing applications to improve their imaging efficiency and detection per-
formances [103]. For example, the FDTD-based microwave breast cancer detection [104], the
space-frequency UWB imaging [105] and the Multiple-Input Multiple-Output (MIMO) radar
[106]. Contrary to the standard TR technique allowing the re-focusing simultaneously on all
scatterers and more strongly on the dominant scatterers, the Decomposition of the Time Re-
versal Operator (French: Decomposition de I’Operateur de Retournement Temporel) (DORT)
[107] has been developed to overcomes the problem of simultaneous focusing. DORT provides
selective focusing on particular scatterers over the others by using eigenvalues of multistatic
data matrix measure by the TRA of N elements [98,108]. However, DORT method requires
that the number of TRA elements should be not less than the considered number of well
resolved scatterers in investigated medium. Moreover, Time-Reversal Adaptive Interference
Cancellation (TRAIC) [109] method was developed for clutter channel cancellation using the
TR nulling. In contrary to the TR focussing, the TR nulling provides destructive interference
in nulling spot centred around scatterer location. In addition, the TR were incorporated into
a large number of cxisting detection and imaging techniques using EM waves. For instance,
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the TR were used for target localization in highly scattering and cluttered environments
[110, 111}, for instance, using frequency selection TR method [112], as well as in the combi-
nation with the MUSIC algorithm [113]. Furthermore, the TR methods were applied for the
SAR processing in the indoor laboratory environment for ghost image cancellation [114-116],
numerical simulation for TR imaging of shielded targets [117] hidden in cluttered environ-
ment as well as in the outdoor experiment for change detection assessment [118]. Finally,
but not the least important, the TR technique was applicd for TR-based focusing algorithm
for Through-The-Wall (TTW) imaging [119-121] and for GPR imaging and depth estimation
[122,123]. Hence, as follows from the above-described works, the Time-Reversal technique has
enriched existing remote sensing methods for greater performance and efficiency of detection
and localization in a multipath media (or cluttered channel).

Thus, while the aircraft platforms with the SAR system operating in the SLAR, config-
uration provide an enhanced usability and reconfigurability comparable to the space-borne
platform as well as the broader area of simultaneous observation than the GPR, the expansion
of SAR functionality with a new method of scanning along a modern TR-based signal focusing
algorithm may result in novel and uncommon capabilitics for high-resolution imaging of opti-
cally invisible soil structure over large-scale and down to purpose-required depth. A validation
of the TR-based focusing algorithm would provide new broad-area imaging capabilities. The
above-mentioned idea is fraught with challenges and constrains related to the physical as-
pects of subsurface imaging and to the features of the AGPR functionality [124]. For instance,
the platform altitude, PRF, transmitted power, look angle and antenna beam width, radar
centre frequency and band; or maximum penetration depth, which is physically-dependent.
Foremost, the inhomogeneous dispersive and lossy soil affects the transmitted signal causing
its strong deformation during the propagation. Thus the hypothesis about soil dielectric con-
stant may be critical to determine the SAR system features, which, in turn, may provide a
highly directed and minimally disturbed energy propagation down to a predetermined depth
and significant increase of the level of the backscattered signal energy. Furthermore, the TR
approach leads to a signal which is internally best matched to rich scattering medium, which
is modelled as an inhomogeneous, dispersive and lossy soil. The mirrored retransmission of the
time-reversed signal provides spatial-temporal matching to the soil structure. Therefore, the
Time-Reversal Airborne Ground Penetrating Radar (TR-AGPR) system, unlike conventional
airborne SAR system, by taking advantages of the internal complex scattering phenomenon
provides range/depth focal of the backscattered energy, which results in the high-resolution
imaging capabilities of the soil structure. Hence, the successful coupling of the SAR and TR
techniques leads to new imaging capabilities of the subsurface soil structure, which would be
usable in many fields, such as soil-resource mapping (ground water, oil fields), environmen-
tal protection and monitoring as well as military surveillance and recognition. What is the
most important, the successful coupling of these techniques can provide universal imaging
capabilities of the soil structure, which are adaptive to inhomogeneous soil conditions. And,
therefore, the subsurface imaging can mainly depend on the radar resources only, without
the strong dependence on soil conditions.

1.3 Synthetic Aperture Radar Background

The term of the Synthetic Aperture Radar [1-27] refers to a family of radar systems and
processing techniques extensively used for obtain high-resolution and two-dimensional image
of illuminated scene representing their directional reflectivity. While mostly, the SAR is con-
sidered only as a group of image formation algorithms, in fact, it is also a family of data
collection schemes, that determine further processing algorithms and potential resolution.
Fig. 1.1 shows a flow chart of the SAR system. During a single acquisition the selected scene
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Figure 1.1 Sketch of data acquisition and signal processing in the SAR system.

o(z,y,z) can be illuminated in various scan modes, which may differ from cach other in
geometry, carrier frequency and bandwidth of the radar waveform as well as in polarization.
For a particular application of SAR (as Interferometric SAR (InSAR), Polarimetric SAR
(PolSAR)), several acquisitions should be carried out in correlated manner. The result of the
single acquisition is the raw image s(¢,u), whereas, for the correlated acquisitions the raw
images should be grouped mutually for further processing: s;1(¢,u) and s;2(t,u) for InNSAR
and Syy(t, w), Spn(t,u), spy(t,u) and spp(t, u) for PoISAR. The ¢ denotes fast-time, and u the
slow-time. After acquisition, each raw image (even from mutually correlated) is processed
based on the image formation algorithm leading to a focused image o(r,y). Finally, the fo-
cused images can be analysed (interpreted) or further processed by InSAR or PolSAR in
order to extract quantitative information about observed areas. Fig. 1.2 presents a geometry
of the Stripmap SAR system.

The focused SAR image o(r,y) reveals high spatial resolution in both range r direction
and azimuth (or cross-range) y direction. This determines the use of SAR systems as a tool for
imaging in a wide range of applications and weather conditions, that are adversed for optical
imaging (compare [9, Fig. 1.1 and Fig. 1.2]). A high resolution in SAR image is achieved
by using two-dimensional processing, divided into two data processing each in orthogonal
direction as the distance (slant range) and azimuth (cross-range) direction. High resolution
in range direction directly depends on the bandwidth By of used radar signal [2,4,12,13]

c

Ar =
"T o

(1.1)

and long pulses with the internal wideband modulation are more often used than short
pulses. For instance, signal with the Linear Frequency Modulation (LFM), which is a common
radar waveform. By the use of a replica of transmitted signal (MF approach), the high
slant resolution is achieved over each backscattered signal recorded at every wu, position.
Thus, range compression produces a 1-D complex range profile of entire area located in
the antenna footprint on the ground. The 1-D complex range profile conveys information
about relative slant range between the point on the terrain and radar. Then, later, the high
resolution in azimuth direction is synthesised along the distance that airborne platform flew
over the observed area, which is know as the synthetic aperture, and with the use of all
1-D complex range profiles (amplitudes and phases) that are coherently recorded during the
flight along Lgg, in every uniformly spaced wu,, positions. While for real aperture radar the
fine cross-range resolution at range rs requires a very large antenna L of several hundred
meters long [2,4,12,13]

(1.2)

Aa, = 7'
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the SAR systems use a small antenna of horizontal dimension Lg carried by an airborne
platform over the flight distance to successively illuminate the observed area at different w,,
positions and record backscattered signals. Instead of parallel processing as for a long real
aperture, high azimuth resolution is mathematically synthesised by coherent processing of the
data collected during a flight and taking into account the quadratic phase history spread over
multiple pulses recorded in successive u,, positions along platform trajectory. The collection
of 1-D rangc profiles is transformed into a matrix and finc resolution in azimuth is synthesized
along a second dimension (parallel to flight trajectory). For the considered scan mode, i.e.,
Stripmap SAR, the lower bound of the cross-range resolution equals [2,4,12, 13]
Lr

Aag = —

; (1.3)

which states that the fine resolution is independent of range and is much better than Aa,
real-beam resolution (Eq. 1.2).

While the operation of the SAR system seems to be intuitively simple and clear (Fig. 1.1),
in fact, it is very complex. First of all, range and azimuth processing are coupled and high
resolution in azimuth direction requires providing firstly a high resolution in range direction.
In turn, while a high range resolution is provided by method known from other radar systems
(for instance, long-range radar), the aperture synthesizing technique refers to a processing
that improves a cross-range resolution only. During the flight over time T and with v, velocity
(i.c., Ng scans cach at n x PRI = n/PRF scconds) the slant range r(u) between airborne
platform and target on the ground change over the flight (see Fig. 1.2) as follows [4,9,12,17]

2
v
r(u) = /12 + v2(u — ur)? = \/7"2 + PRZjF’Q (n —ne)? (1.4)

where the u is slow-time along flight path, the u. = T,/2, the n is position along flight
path and the n. = Ng/2. Due to the nonzero azimuth beamwidth 0,, of the antenna, the
backscattered response is spread in set of the 1-D complex range profiles. Hence, after range
compression the targets are focused in different range cells along the hyperbola, whose shape
depends on the target location in slant range direction. For these targets located around
the near edge of the swath, the hyperbola is more curved (more bent ends) and progressively
flattens for targets lying close to the far edge of swath. However, longer dwell time at far slant
distances results in an increase of its length. At far ranges, the target is longer exposed in the
antenna azimuth beamwidth than in near ranges. Rearranging of Eq. 1.4 leads to [4,12,13]

2

() = ¢ p el e (15)

which can be further simplified as [4,12,13]

r(u) ~ ry (1.6)

1 1.
based on the expansion of the square root /1 + & = 1+§w—0—§x2+... and keeping only the first

2 2
vy |u—u
v lu—ue < 1is satisfied when (Lg/2)? < 72 [13],

P
which is correct for Stripmap SAR where synthetic aperture length Lg is much shorter than
slant range to the observed scene in its entire area. Furthermore, the phase of backscattered

two terms. The required assumptions
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Figure 1.2 Geometry of the Stripmap SAR systen.
returns changes as follows over two-way slant range r(u) [4,17]
27
o) == -2+ () (1.7)
Substituting Eq. 1.6 into Eq. 1.7 gives [4]
2ry  V2(u—u.)? At ry 2T o 2
u) ~ —2mw + -2 ~ — v (u—u 1.8
(ZS( ) )\ )\ s )\ )\ e p( C) ( )

which shows that phase of backscattered echo varies approximately quadratically along L,
with constant shift proportional to the nominal slant range rs. Considering (u — u.) = ty,
where | t, |<T5/2, the Eq. 1.8 changes as [4]

2

U,
(ﬂm)m¢cﬁ4—2wAi t2 (1.9)

The Doppler frequency equals [4,17]

1 d o(tu)
ty) " ————= 1.1
folta) ~ 5= 150 (1.10)
which after substitution of Eq. 1.9 gives [4]
202 202
I RO 1.11
[p(tu) N7y tu \ s (u— uc) ( )

where the instantaneous Doppler frequency is proportional to the u slow time. Fig. 1.3 shows
the changes of relative two-way phase and Doppler frequency along the flight trajectory in
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Figure 1.3 Changes of the relative two-way phase ¢(u), the Doppler frequency fp(u) and azimuth
reference function along the flight trajectory.

relation to the theoretical point target located at the surface (see Fig. 1.2). The Doppler
frequency rate cquals [4,9,13]

_d ot 2

K, (t, o
(tu) dt, AT

(1.12)

Considering minimum and maximum value of slow time, —75/2 and +75/2, the Doppler
bandwidth along the L, synthetic aperture line equals

202

lhzmmMﬁM—mmm@M%Aéﬂ (1.13)

When the observation time T at slant range r, it defined as

A _
T, = In Ts U ! (1.14)
hence, the Doppler bandwidth
v
Bp ~ 2% 1.15
b2 (115

Finally, using Eq. 1.1 (over one way distance along L), the lower limit of cross-range
resolution for the Stripmap SAR equals (as previously defined by Eq. 1.3) [2,4,12,13]
Lr

(V)
Aay, = 2 = 1.16
%= B, " 2 (1.16)
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Due to the large number of raw data collection modes the potential cross-range resolution
differs between modes and the size of the investigated areas varies as well. For instance,
the circular Spotlight SAR [6] provide finer resolution that the Stripmap SAR with the
disadvantage that it provides a smaller observation area. These dependencies determine the
application for SAR systems. Another important issues linked to SAR systems can be found
in related literature [1-27] starting from the description of data collection modes and accurate
specification of focussing algorithms, through the gecometric distortion of the radar images
and the visualisation and comparison of a focussed image, finally ending at examples of SAR
applications.

1.3.1 Interferometric SAR

When focused SAR image represents only the magnitude of surface reflection coefficient in
a plane dimension (2-D image), it omits information about changing the relative height of
observed area. To extract quantitative information about observed area, the Interferometric
SAR (InSAR) technique analyses the phase of at least two complex SAR images (mutually
correlated, s;1(t,u) and s;o(t, u) from Fig. 1.1) and, for instance, it can produce information
about the target elevation, surface reflectivity change and other topics [19-23]. To achieve
this InSAR, for instance, uses complex images of the same area collected at the same time
(parallel imaging) at slightly different angles (referred to as Across-track InSAR) or collected
at the same angle after intervals of time (referred to as Repeat-pass InSAR). Beyond obtaining
quantitative information about observed area, InSAR systems are most often used to generate
the Digital Elevation Model (DEM), which represents a high-quality digital topographic map
(3-D image). Moreover, the InSAR technique, in particular in repeat-pass mode, is used for
change detection, for instance, analysis of the growth of forests or agricultural crops or glacier
movements. Due to the operational conditions and requirements for constant interferometric
baseline as well as for the platform trajectory the InSAR imaging is mostly performed from
a space-borne platforms rather than from airborne, however, the available results show that
airborne InSAR, imaging also leads to correct results over smaller areas.

Fig. 1.4 shows the essential steps of InSAR as a further processing of two mutually
acquired and formed SAR images (see the right side of sketch presented in Fig. 1.1). These
steps will be later, in Chapter 4, discussed and applied to compressed images. The respective
coregistered and focused master oy(r,y) and slave og(r,y) images are defined in complex
form as [13,19, 20]

on(r,y) = lon(r,y)lexp [j éar(r,y)] (1.17)
US<T7 y) = |US(T7 y)| exXp [.] ¢S<T7 y)] (118)

The interferogram x(r,y) is formed as [22, 23]

X(ry) = om(ry) - o5(r,y) = lom(r,y)| |os(r,y)| exp [j (r,y)] (1.19)

where the v (r,y) is the interofermetric phase difference

1/1(7”7 y) = oM (Tv y) — ¢s (‘7“, y) (1'20>

which represent the phase difference between each pixel of coregistred images. Assuming the
phase of backscattered returns as a result of the contribution of individual terms arising from
radar pulse propagation [20,22, 23]

8r9) = —Srs(r9) + Da(r0) — Srs(r0) (1.21)
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Figure 1.4 The sketch with essential steps of InSAR processing.

where ¢4 (r,y) incorporates all the phase contributions from the RCS of the scat-
terer and rs(r,y) represents the one-way slant range. For slightly different geometries,
oM (r,y) = ¢3(r,y), then the interferometric phase simplifies to
4 4
00ry) = = (M ) — rS(y) =~ A, (122
Furthermore, the interferometric phase ¥ (r,y) consists of several factors that affect its final
form. In general, assuming no temporal deformation between two complex images (images
acquired in the same time) and identical influence of atmosphere, the ¢ (r, y) can be expressed
as [20,22,23]
U(r,y) = hu(r,y) + vulry) + ¢r(r,y) (1.23)

where the 1; represents topographic deformation (related to terrain reflectivity), the ¢ is
flat-earth phase and the 9, is phase shift caused by independent noise of both radars (or
other factors related to processing). Assuming the v, (r,y) ~ 0, Eq. 1.23 simplifies to

VY(r,y) = Yi(r,y) +vr(r,y) (1.24)

where only ¢y distorts the topographic interferogram. Simply assuming the perfectly flat
surface (no topography in observed scene), the flat-earth phase model is formed as a phase
difference between two points on the same height with different slant distances to radar. This
phase difference is given by [23]

¢f(7“7 y) = *%Bm COS(w + /Bin) (125)

and interferogram flattening can be simply realize as [23]

YU (ry) Zarg [ x(r,y) x exp( jor(r,y) ) | (1.26)

The ™" (r,y) represents the topographic interferogram wrapped into interval of (—m, 7) (in-
terferegram can been seen as a image of isolevel curves which reflects the height changes).
The height amiability of terrain hgm,s (i.€., heigh difference that produce interferometric phase
change of 27) is inversely proportional to th perpendicular baseline B, (17,20, 22]

A rgsin(fy,)

1.2
5 (1.27)

hamb =
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and is one of the factors influencing the choice of the baseline length. The other one, refereed
to as the critical perpendicular baseline B, . (defined in terms of incident angle 6;,) (23]

B - Arstan(0in) A By rgtan(6in)
pe 2 Ar N c

(1.28)

limits the baseline length over which the correlation between two SAR images completely
vanished (they become uncoupled for InSAR processing due to o™ (r,y) # o5(r,y), thus,
dM(r,y) # ¢35 (r,9)). 0i is the local incident angle and Ar is the slant range resolution
inversely proportional to radar bandwidth By (Eq. 1.1). Considering that hgpp responds to
full phase rotation, the interferometric phase is first unwrapped to its instantaneous form [20]

YU (ryy) = 27l + U (r, y) (1.29)

where [, is a integer value, and later, the phase-to-height conversion performed by scaling

factor, which is defined as [20]

A rysin(6;,)
4dr B,

and geocoding lead to the DEM, which is determined in relation to reference or true height.

¢h = (1.30)

1.4 Outline of the Dissertation

This dissertation has five chapters and two additional appendices, it begins with the prob-
lem statement, literature review and motivations as well the SAR background presented in
Chapter 1.

Chapter 2 presents the electromagnetic nature of soil, the geometry of subsurface
imaging from airborne platform and the problems related to EN wave propagation through
soil structure. Since the EM properties of soil depend on its geological structure and mois-
ture profile, firstly, the real geological data collected in the Soil Typological Unit (STU)
profiles are used to approximate the three-dimensional (3-D) soil structure with the bare
and flat surface and the intentionally added geological inclusions to diversify the inner soil
structure. Afterwards, the soil electromagnetic properties, i.e., the complex relative permit-
tivity and conductivity, are calculated based on the pedotransfer function (geologically- and
hydrologically-motivated approach). Results of modelling are presented and discussed. Fur-
thermore, the subsurface imaging geometry is described with taking into account the rela-
tionship between the height of airborne platforms and the maximum depth of considered
soil structure. The features related to subsurface backscattering and imaging are analysed
with the special emphasis of propagation in multi-layer medium and penetration capabilities.
Finally, the backscattered pulses are analysed for various radar parameters.

Chapter 3 validates the Time-Reversal (TR) hypothesis in inhomogeneous, dispersive
and lossy medium. After a short introduction to the Time-Reversal technique for EM waves,
the differences and limitations are presented. The dispersion and loss effects are described
through an analysis of the spectrum of backscattered pulses at different carrier frequencies.
Then, the TR-based focusing algorithm is described along the hypothesis of its application.
A TR measurements scheme is proposed for the airborne system using for subsurface imaging
in monostatic pulse-echo configuration. Differences, potential development and expectations
regarding to the proposed method of measurement are discussed. The proposed acquisition
methods has been verified over one soil structure from developed in Chapter 2. Later,
developed algorithm is numerically validated for six buried point-like targets freely distributed
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in the soil structure. Finally, the refocusing phenomenon is presented for all considered soil
structure with the same location of the objects and for different radar parameters.

Chapter 4 addresses the efforts of synthetic aperture application for focussing and
interferometry of buried structure. Based on the introduction to SAR concept (Section 1.3),
the motivations of TR-based SAR imaging of subsurface structures are presented. When the
fine azimuth resolution requires the undistorted range resolution (regardless of its exact value
depending of signal bandwidth), in inhomogeneous structures the TR reveals the azimuth
resolution by restoration of the fine range resolution initially disturbed by impact of the
soil. The imaging geometry in InSAR mode is presented with mission parameters as well
the raw SAR images simulated in assumed geometry are shown and described. To verify
the TR impact on image fomentation method the raw SAR images were focused with the
Range-Doppler Algorithm (RDA) under the assumptions about the unknown soil parameters.
As shown in Chapter 3, when the TR impact on range compression enhance the range
resolution, its applications along Lgg4,- results in the narrowing and reinforcement of target
trajectory over the clutter background. However, the parameters used for synthesis of azimuth
reference function changed under TR, acquisitions. Finally, based on the same assumption
about the unknown soil, the InSAR method has been applied for soil structure reconstruction.

Chapter 5 concludes this dissertation, summarising all performed works and contribu-
tions as well as indicates the future works.

Appendix A, which is an introduction to Chapter 2, highlights for the readers the
geological structure of the soil on the basis of the Soil Profile Analytical Database for Europe
(SPADE-2), the real geological database created and provided on-demand by the European
Commission Joint Rescarch Centre (The Institute for Environment and Sustainability).

Appendix B presents the basic TR measurements scheme in transmission mode where
the source and TRA are located at the opposite side of the investigated medium.
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This chapter presents the electromagnetic nature of soil, the geometry of subsurface
1maging from airborne platform and the problems related to EM wave propagation through soil
structure. Since the EM properties of soil depend on its geological structure and moisture pro-
file, firstly, the real geological data collected in the Soil Typological Unit (STU) profiles are used
to approximate the three-dimensional (3-D) soil structure with the bare and flat surface and
the intentionally added geological inclusions to diversify the inner soil structure. Afterwards,
the soil electromagnetic properties, i.e., the complex relative permittivity and conductivity,
are calculated based on the pedotransfer function (geologically- and hydrologically-motivated
approach). Results of modelling are presented and discussed. Furthermore, the subsurface
imaging geometry is described with taking into account the relationship between the height of
airborne platforms and the maximum depth of considered soil structure. The features related
to subsurface backscattering and imaging are analysed with the special emphasis of propaga-
tion in multi-layer medium and penetration capabilities. Finally, the backscattered pulses are
analysed for vartous radar parameters.

The introduction to geological soil texture is presented in Appendix A, based on the
STU from the Soil Profile Analytical Database for Europe (SPADE-2), provided by the Furo-
pean Commissions Joint Research Centre (The Institute for Environment and Sustainability).
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2.1 Soil Modelling

From the geological point of view, the soil is a composition of the mineral particles, organic
matter (both decomposed and undecomposed one), water and air [125, 126]. The real geo-
logical databases (refer to Appendix A for introduction to geological soil structure presented
based on real data) arc a valuable source of information about the soil textural composition,
its inhomogeneous and layered nature [127]. However, an information arranged in textural
profiles represent only average values inside successive soil horizons. Thus, to obtain the mod-
els of soil structure as realistic as possible, firstly, the approximation of textural composition
should be carried out in depth dimension. In many works, for instance [87,127-131], the soil
has been modelling as structure, which consists of homogeneous and planar layers with differ-
ent height, inner textural composition and EM properties. Since the horizontal approach to
the soil texture seems to be correct, the problem lies in the proper choice of the number and
heigh of soil horizons as well as the number and height of consecutive layers. In laboratory
condition, individual layer can have a height up to several centimetres and can be filled with
precisely known type of soil. For instance, a dry sand with homogeneous moisture profile. But,
in realistic conditions the soil texture varies strongly and height of theorctically homogencous
layer may be as less as a few millimetres. Moreover, the moisture profile is dependent upon
the type of soil, and its shape results from the long-time internal processes. Therefore, the
natural phenomenon of soil inhomogeneity has to be taken into account in modelling of soil
structure, in particular, in depth dimension.

In this section, the emphasis is focus on the soil structure modelling having regard sev-
eral aspect as reality of the geological layers and moisture profile. Hence, the modelling is
performed based on the real Soil Typological Unit (STU) profiles from the Soil Profile Ana-
lytical Database for Europe (SPADE-2). The results of modelling are then used to estimate
the EM propertics of soil structure, i.c., complex relative permittivity €, and conductivity o,
as well as in modelling of EM wave propagation in soils structure with inconstant in depth
and frequency-dependent ¢,(z, f) and o(z, f).

2.1.1 Geological Layers

Since the STU profile from the SPADE-2 represents one-dimensional soil textural composition
averaged in z depth dimension, defined between zy, and zgou, and over land parcel, firstly,
the depth vector is formed with not uniform step, and then the soil texture is approximated at
the calculated depths. For all selected profiles the maximum depth was increased to Z,,q. =
15.00 m. The h,, height of successive layers was modelled as a Gaussian distribution with
the mean value equals p;, = 0.01 m and standard deviation oy, =~ 0.0017 m. The probability
density function of hy, layer height, f(hp; un,on), is given by

1 — (R — pn)?
f (s pis o) = o on exp <(20}ZLM)> (2.1)

and it is shown in Fig. 2.1(a). The z depth vector starts at zop = 0.0 m and is iteratively
sampled as follows
Znil = Zn — hn (2.2)

where n is layer number. When hg =~ 1.14 cm, hence z; ~ —0.0114 m, etc. Total number
of layers is N, = 1509 and maximum considered depth of the soil is Z,,4, = 15.0317 m, as
presented in Fig. 2.1(b). The root mean square of layers height Ay yms =~ 0.0101 m. While
Eq. 2.2 indicates only the depth at which the interface between successive layers is defined,
the individual soil layer [, is modelled as the geologically uniform, thin and planar layer
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Figure 2.1 Unevenly approximation of the depth vector: a) the probability density function of layer
height, b) the layer height vs. unevenly sampled depth vector (absolute value) of the soil.

located between following interfaces

ln S [Zna Zn—‘rl) (23)

The 1, starts at z, and ends just above z,.1, since z, 1 begins next layer [,,; 1. The last soil
layer Iy, starts at the Zpq, and Iy, € [Zmaz, —0).

Although the STU profile has various number of soil horizons with a diverse inner
geological texture, the approximation method was used similar to Eq. 2.1, with taking into
account a different values of ¢; clay and s; sand content in consecutive horizons. Since the
ci(z)+st(z)+sq4(z) = 100%, the ¢;(z) and sq(z) were chosen as independent variable, and s;(z)
silt content is calculated as fulfilment to 100% at z, selected points. The probability density
function of clay ¢;(z) and sand sg(z) content are given by

1 —(cl(z) — Ui cl)2>
c(z), N = 5o & | .
flei(2)s tikeys Ok ey) Uk,cl\/% p( 201%,1:1 Y

_ 1 —(sa(z) — Mv,sd)2>
Foale)sbkoas oho) = 5 — = o (ST (25
respectively. The fig ¢, (ik.s,) is @ mean value of clay (sand) content in k" soil horizon. The
Ok, and oy s, arc the standard deviation of clay ¢;(z) and sand sg(z) content in Eth soil
horizon, respectively, and oy ., = 05, ~ 0.17 %. Additionally, the STU contains information
about the p;, averaged value of bulk density of the dry soil in each horizon. However, due to
the approximation of soil texture at z, selected points, the py(2) is calculated based on clay
¢i(z) and sand s4(z) content as follows [132]

pp(z) = 3.455 | R(z) (2.6)

where
R(z) = [25.1 — 0.21 s4(2) + 0.22 ¢,(z) ] (2.7)

Hence, the p(z) porosity is defined by [126, 132]

p(z) =1 pbp(j) _ps —p,fb(z) (2.8)
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Figure 2.2 Approximated soil texture composition of six chosen STU profiles from the SPADE-2:
percentage content of ¢; clay, s; silt and sg sand, and value of bulk density p, at selected points z,
(down to original STU profiles depth).

where pg is the density of the rock in the soil. Its value varies from 2.6 g/cm? to 2.75 g/cm?®
depending soil type. The result of approximation of the soil texture at z,, selected points for
six chosen STU profiles is shown in Fig. 2.2. Since the soil texture is approximated down
to the 15.00 m, the plots are drawn down to the depth of which the STU profile has been
originally defined (as in Appendix A, Fig. A.4). For all STU profiles the slight changes in
the soil texture, proportional to o, (0k,s,), are visible. Moreover, the py(2) better reflects
the change of soil texture, and its layered nature is clearly visible (comparing to Fig. A.4).
Introduction of the randomness of soil texture leads to change of soil type in few cases. The
changes of soil type after approximation between consecutive soil layers are presented in
Fig. 2.3 on the soil textural triangle'. Crossings between soil tvpes are now visible, since in
Fig. A.5 the textural compositions in soil horizons are uniform. For STU profile whose texture
lics closc to the border between two soil types, after approximation, the differentiation in the
soil types is observed. For examples, F'I 358005 shows the changes between loamy sand, sand

1S0il Textural Triangle available at: http://ims.eid.org/homepage/Images/SoilTriangle. jpg
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Figure 2.3 Approximated soil texture composition represented on the soil textural triangle (devel-
oped by the US Department of Agriculture (USDA)Y).

and sandy loam, as well as the HU 360084 shows the changes between sandy clay loam,
sandy loam, loamy sand, sand, clay loam and clay in consecutive soil layers. Mainly, the
changes in the type of soil stem from the composition of the original texture which lies on
the border of two or three types of soil. The scale of texture changes and change of the soil
types depends on the assumed values of the oy, and o} ,. However, for BE 320202 and
GM 490143 the approximation of soil texture has not changed the type of soil, only their
inner textural compositions was changed. Nevertheless, for different textural triangle, i.e.,
with various number of soil types of different area (see [133, Fig. 1]), the soil texture changes
will have another form on textural triangle for the same original soil composition and values
of o4, and oy,

The approximated STU profiles, however, still represent soil texture composition only
in z depth dimension. As stated in Appendix A, the most significant and crucial changes of
the soil structure are observed in depth z dimension. In the remaining dimension, i.e. along
x and across y axis, soil structure shows a less significant variations. Thus, to create three-
dimensional structure of the soil, the percentage content of ¢;(z) clay, sq(z) sand, and py(2)
bulk density, have to be simply multiplied in both along z and across y dimension, as follows

calx,y,z) = c(z)
sq(z,y,z) = s4(2)
on(x,y,2) = pp(2) (2.9)

and for fulfilment to 100% at selected points 2,
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St(xa Y, Z) = 100% — sd(x,y, Z) - Cl(ﬂ?,y, Z) (210)

The Eq. 2.9 and Eq. 2.10 (keeping in mind the Eq. 2.4 - Eq. 2.8) present fairly realistic model
of soil structure, which is based on a randomly varying height of consecutive thin and planar
layers of constant inner soil compositions.

The particle composition represents only quantitative information about soil texture
and can be obtained after examining the structure of the soil. The natural information,
however, about soil structure, obtained after digging a hole in the soil down to few meters,
is the colour of consecutive horizons in soil structure (see Fig. A.3). The three-dimensional
soil structures created based on the approximation of chosen STU profiles are presented in
Fig. 2.4, in colour scale identified with the type of soil, as shown on colour bar. Similarly
as before, the structures are plotted only down to limited depth, but now to 3.0 m for
each one. For the sake of simplicity, a bare and flat soil surface is assumed, thus avoiding
taking into account the surface shape (roughness) and vegetation on the surface. Now, the
changes of soil type are distinguishable in colour scale. Four structures created based on
BE 320202, GM 490143, IT 395025 and PO 3511382 show smooth changes of soil colours
through the consecutive horizons. However, in PO 3511382 one thin layer located at the
depth of z, = 0.2 m represents different type of soil as in layers above and under it. The
F'T 3580005 shows smooth changes of soil colours only through the three first horizons, and
then it has a high variability between loamy sand and sandy loam as can be observed in
Fig. 2.3. Finally, the approximation of soil composition mostly affected the HU 360084. For
these structures, the soil type changes frequently in the first layers down to 0.55 m, between
sandy loam and sandy clay loam, and later from 1.2 m between loamy sand and sand, and
from 1.4 m between clay and clay loam, respectively. Comparing the six approximated STU-
based soil structures, the HU 360084 contains the six different soil types. Although, the
FT 3580005 has also strong variations of structure, it contains only three various soil types.
On the other hand, the IT 395025 has rcegular structurc and it has also three various soil
types, the same as PO 3511382. The BFE 320202 and GM 490143 contains both the same
two types of soil, i.e., silt loam in the upper part and loam in the lower part of the structure.
Nonetheless, as follows from a comparison of information presented in Fig. 2.2, Fig. 2.3 and
Fig. 2.4, the information about the soil texture changes (Fig. 2.2, Fig. 2.3) is partly lost when
the soil structure is represented in colour scale (Fig. 2.4). For a soil types of small and narrow
area (as sand, silt, see Fig. 2.3) even a slight changes of soil texture lead to a change of soil
type, which is not true in the case of soil types with large and wide area (for example, clay,
silt loam).

2.1.2 Moisture Content and Profile

Besides the mincrals particles, the soil is mostly madc up of water and air, which together
represent a second group in terms of the percentage content. The organic matter is a vestigial
(residual) component. The 6, moisture content is defined as the amount of water present in
the soil and is expressed mostly as the percentage of volume. In other words, 0, gives the ratio
of the volume of water (in m?) in the volume of soil (in m?). Therefore, 6, lies inside [0, 1],
but from physical reasons does not exceed 50%. Moreover, the 6, mostly does not exceed
the p porosity value, i.e., when 6, = p, all pores are filled by water and there is no air in
the volume of soil, and then, the soil is said to be saturated. The 6, represents the averaged
information about water content over the volume of soil. While 8, = 5%, it means that in
1.00 m? of soil (e.g. 1.00 m of depth, and 1.00 m? of surface area) is contained 0.05 m? of
water (e.g. 0.05 m of depth, and 1.00 m? of surface area) [125]. And thus, the averaged 0, is
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Figure 2.4 Three-dimensional soil structure created based on the approximated STU profiles from
the SPADE-2 (horizontal dashed line represents the depth to which the profile was defined).
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expressed by

0.05 m?
6, = WE?» x 100% = 5% (2.11)

The amount of water stored in the soil can vary in time and spatial coordinates, for examples,
duc to the infiltration ore cvaporation. Thus, instcad of 6, moisturc content the 0, (z,y, 2)
moisture profile is used, which expresses the spatial distribution of water inside the soil.

Currently many methods are used to measure or to estimate the soil moisture profile as
well as surface moisture mapping. Some of the measurement method are based on the coaxial
cable, or used active and passive microwave remote sensing methods [126,134-137] as well as
GPR [138]. Moreover, the SAR is an important tool for surface and soil moisture retrieval
[29,139,140]. Additionally to measurement methods, the analytical methods are applied to
estimate the O, in one-dimension [141, 142] or three-dimension [143]. In fact, the O, should
be identified with the water flow in porous media [144]. The water flow is usually described
by the Richards’ equation [145], which generally can be given by [87,146-149]

00,(t,7) a(
ot or

h(t, 7) 867’8(:’ T>> + aKa(:’T) + F(t,0,(t,0)) (2.12)
where O,(t, ) is soil moisture profile, ¢ is time, r is spatial coordinates, F(t,©,(t,0)) is a
source function accounting for water exchange process at the soil interface such as precipita-
tion, evaporation and run-off. The K (¢,7) is hydraulic conductivity and h(t,7) is soil water
pressure head. Furthermore, both K(¢,7) and h(t,7) are highly non-linear function of soil
moisture, and arc cxpresses as [87,149]

2043

K(0,) = K <®”g’ T>> (2.13)
v (0,)
hO,) = K(0,) ! 2.14
(©) = K(0) 75 (214)
where ¥(0,) is soil water tension, given by

O,(t,7)\ "

W(O,) = U, (®> (2.15)

The K, ©4, Vs and b are saturated hydraulic conductivity, saturated water content, satu-
rated soil water tension and curve-filtering (shape) parameter, respectively, and all of these
parameters depend on the soil types (textural class). Following [150, see Table 3], for each of
these parameters the means and standard deviations arc given for twelve soil types defined
in USDA soil textural triangle.

Although the problem of the efficient and fast numerical solution of moisture profile is
outside the scope of this dissertation, a simple finite difference method was used to calculate
soil moisture profile only for one-dimensional vertical flow in depth (as in [87]). Thus, the
FEq. 2.12 reduces to

90,(t,2) _ D 8®U(t,z)>+OK(t72) b F(t,04(t,0)) (2.16)

ot az<h(t’z) P By

and now K(t,z) and h(t,z). The vertical water flow is calculated at z, points, the same
in which the soil texture was approximated (see Fig. 2.2). Moreover, three additional cases
should be taken into account in the simulation, i.e., rainfall, evaporation coefficient and ini-
tial moisture profile. In general, the rainfall periods and monthly precipitation depend on
the climate [151], thus the fairly realistic approximation, taking into account the variability



CHAPTER 2. EM NATURE OF THE SOIL AND SUBSURFACE IMAGING
2 FEATURES

Soil Moisture Profile, ©, [m3/m3

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50
'O'OII\II\I\ﬁFﬁ\Ll.*\\’WI FrT T T AT T T T TT T T T T T T TR T T AT T ]

08 Surface Evaporation

1.0
15
20
25
3.0
35
4.0
45
5.0
55
6.0
65
7.0
75
8.0
85

Depth [m]

-9.0

4,/_«
A»MM
uonenu|

95
-10.0
-10.5
-11.0
-11.5

120
—— BE 320202
——=— F1 3580005
—— GM 490143
=— HU 360084

—— IT 390925
PO 3511382

-12.5
-13.0
-13.5
-14.0
-14.5

2 B

_15.0II\II\I\\I\II\II\I\\I\II\II\Iljl\\I\II\II\"’I‘"’-"\\IIE‘II\

Figure 2.5 Simulated 1-D soil moisture profile for six STU profiles from SPADE-2.

of rainfall in time and its maximum value, is needed, however, it may be difficult to model.
Furthermore, in the rainless periods, only evaporation from soil surface occurs, and it de-
pends from temperature and wind. Various modecls of cvaporation cocfficient arc presented
in [152]. The influence of both rainfall and evaporation is included in the source function
F(t,0,(t,0)), which determines the soil non-homogeneity in the first layers. Finally, initial
moisture profile must be well chosen for the simulation, i.e., adequately estimated for a given
soil profile. Depending from the soil textural classes, the maximum amount of water theoret-
ically possible to store differ significantly, and is limited by the ©4 saturated water content
or p porosity. Hence, the initial moisture profile in consecutive soil layers can be estimated
based on those two quantities. Thus, namely in simulation, for each STU the initial mois-
ture profile is assumed as a result of very long rainfall, and its value in consecutive layers is
smaller than ©;. The simulation period equals T, = 4 days, with simulation step A7, =15,
and it was assumed as a rainless period occurring after very long rainfall. The evaporation
cocfficient was simply chosen as proportional to water content at the surface (similarly as
n [87]). Although, these assumptions are very simply compared to real climatic conditions,
they are acceptable enough for simulations.

The results of ©,(z) soil moisture profile simulation for six chosen STU profiles are
shown in Fig. 2.5. The two sets of data are shown, and all plots are drawn down to 15.0 m.
Firstly, the ©;,;; initial moisture profiles were plotted with thin dashed lines. As can be seen,
for all STU profiles the initial moisture profiles are smaller than 50 % and they reflected
the inhomogeneous nature related to the soil structure. Due to the surface evaporation and
infiltration into the soil (even below 15 m) the total water content decreases within the
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time with respect to the hydrological properties as K, O, ¥4 and b [150]. The numerically
calculated ©,, soil moisture profiles are plotted with solid lines. As it can be seen, the obtained
profiles are smoothed compared to the initial ones. Only the HU 360084 retained curves
in the initial layers. F'I 3580005 and PO 3511382 are slightly curved, since other profiles
were completely smoothed, where BE 320202 and GM 490143 are almost identical. Except
the HU 360084, remaining profiles tend to a constant value with depth. Comparing both
processes, i.c., surface cvaporation and infiltration, the surfacc cvaporation morc strongly
effects moisture profile since it is proportionally dependent to surface water. Evaporation
interacts faster on the amount of water in the first layer (i.e., at surface) than infiltration
rate causing water penetration down to the second layer. Infiltration mostly depends on
hydraulic properties, especially on K (expressed in m/h or cm/s), that describes the speed
with which a water can penetrate through porous soil.

2.1.3 Dielectric Properties

Up to day, several models or mixing equations of EM properties have been proposed for
soil-water mixture [126, 153—-163]. Besides the difference in the number of factors taken into
account, these models are mostly based on the pedotransfer approach allowing the calculation
of EM properties as a function of soil textural composition (¢;, sq and pp), ©, moisture profile,
f frequency and T, temperature. Hence, the pedotransfer modelling of EM properties can be
expressed generally as

{ [Cl: Sdy Pb 611]7 fv Tc} = {57 My U} (217)
from or based on SPADE-2

Pedotransfer function shows a mathematical relation between one or more measured soil
parameters and non-measurable ones. Such modelling allows the translation of data available
in geological database into EM properties.

The common areas of the aforementioned models and mixing equations are as following:
1. In all models, the emphasis is focused only on the ¢ permittivity and o conductivity,

while the p permeability is assumed as for the free space, i.e., the relative permeability
is assumed as a real value y, = 1 and

L= frfto = fo (2.18)
where i is the permeability of free space and jg = 47 x 10=7 H/m [31].

2. Since soil is characterized as a lossy material, the e, relative permittivity is generally
expressed in a complex form [31,164—167]

er=¢, —eri (2.19)
Thus, the permittivity
e=¢ge0=¢ —¢€"i (2.20)

where eg is the permittivity of free space and from  definition
1

~ 8.854 x 10712 F/m ~ 360 * 1072 F/m, and the speed of light in free
T

Ep = B

C Ho
space equals ¢ = 299792458 m/s. Moreover, the ¢! is defined as the relative dielectric
constant of an equivalent lossless soil and ¢! is relative dielectric loss factor related to

energy absorption by the moist soil [12,126].
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3. The frequency dependence of soil-water mixture is defined by the 5;%1; real and e'f’w
imaginary part of the relative dielectric constant of free water, e, = 5’fw— E’Jﬁwi, given
by a Debye-type dispersion equation [156, 160,161,167, 168]
/ Ewd — Ewoo
=&, — = 2.21
Efu Ewoo T 1+ (27Tf7'w)2 ( )
N =2 fwd ~ fweo | _Tw 2.22
Sjw = 21/ Tu 14 2nf7y)? - 2meo f (222)
where €0 is low-frequency limit of permittivity for water, €400 is the high-frequency
limit of E/fw, Ty 18 relaxation time of free water, f is the frequency in hertz and oy, is
conductivity of water. According to [154], for a soil-water mixture &40 is assumed to
vary with O, water profile and p porosity as follows
Ewoe = Erock(1 —p) + ea(p — Oy) + 40, (2.23)
where €,,c; &~ 5.0 and ¢, = 1 are dielectric constant of rocks and air, respectively.
4. The temperature dependence of soil-water mixture is given by the temperature relation-
ship of €,0 and 7, as follows [126, 169]
£w0(Te) = 88.045 — 0.4147 T, + 6.295 x 10™* T2 4 1.075 x 107° T3 (2.24)
21 7 (T,) = 11109 x 1071 — 3.824 x 1072 T}, + 6.938 x 10 T2 + 5.096 x 100 773
(2.25)
and at room temperature (T, = 20 °C), £,0 =~ 80.1 and 7, ~ 9.2764 x 10712 s.
5. The o conductivity of soil is considered as a complex value [31,170]

o(w) =o' (w) + o’ (w)i (2.26)
but this approach is rarely used. Mostly in GPR frequency, the ¢ is assumed as real and
frequency-independent value. Thus, the o equals

o(w) =04 (2.27)

where o4 is static conductivity. Hoverer, the o.¢; complex effective conductivity [171]
equals

O'eff(w) =04c t+ w606;{ — w&‘oé‘;i (2.28)

6. Additionally, to marriage the polarization loss and conductivity loss, the ¢ is incorporated

into imaginary part of e, complex dielectric constant, thus Eq. 2.19 changes as follows

erlw) = eh(w) — (<) + 22 )i (2.29)
Eow

where w is the angular frequency measured in radians per second. Eq. 2.29 is refereed

as the complex relative effective permittivity (CREP) [31,171], due to the fact that it

combines the relative dielectric constant €. of an equivalent lossless medium as well

as the polarization loss ¢!/ and conductivity loss o4.. Therefore, the complex effective

permittivity is

e(w) =g er(w) = ' (w) — [e”(w) + decli (2.30)
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and the loss tangent becomes [167]

WePEr + 04

tand = (2.31)

/
wepe)

While the (1)-(6) (Eq. 2.18 - Eq. 2.31) accentuate only the main objectives of EM
properties modelling, the exact equations defining the complex dielectric constant and con-
ductivity has been developed by Wang (1980, based on Schwarz model from 1962) [154],
Hallikainen et al. (1985) [156, 157], Peplinski et al. (1995) [159]. These models give both
real and imaginary part of complex relative permittivity as a function of f frequency and
0, water content. Moreover, Hallikainen et al. and Peplinski et al. models clearly show the
relationship to the soil texture (¢, s¢, sq and p;,). The Schwarz-Wang and Hallikainen et al.
models are developed for f > 1.4 GHz, since Peplinski et al. model is developed and fitted to
0.3 GHz — 1.3 GHz frequency range. Additionally, both Schwarz-Wang and Peplinski et al.
model have been widely used in many fields. For instance, the Schwarz-Wang was used model
for determination of soil moisture profile as a function of depth [136,172] and study on the
penetration depth in realistic model of dielectric constant [87]. On the other hand, Peplinski
et al. model was used, for instance, for prediction of soil effects on GPR signature [53], for
studics on thermal properties of soil [173], for retrieval the effects of salinity on the diclectric
properties of geological materials [174] and for studies on the effects of bulk density on soil
emission at microwave frequency [175]. For these reasons, the Peplinski et al. model has been
chosen for dielectric constant modelling, it allows the calculation of both parts of the &, in
wide GPR frequency range, i.e., the whole UHF band and the lower part of L band, and
the information about soil texture (Section 2.1.1) and moisture profile (Section 2.1.2), can
be easily applied. However, it should be noted that the Peplinski et al. model does not take
into account the changes of dielectric properties with bound water [29]. To improve it, the
Mineralogically Based Spectroscopy Dielectric Model (MBSDM) was developed by Mironov
(2009) [161], which has a higher validity range than empirical models.

Besides that, since the moisture effects the dielectric properties of soil, the moisture
profile can be predicted using dielectric properties [126,176]. Thus, it shows a strong relation-
ship between soil moisture profile and dielectric properties. Moreover, similarly to moisture
retrieval from SAR data, the permittivity and conductivity can be measured using transmis-
sion line technique [177] or estimated from GPR data [178].

Complex dielectric constant in 0.3 GHz - 1.3 GHz range

The Peplinski et al. model [159] is based on the semi-empirical dielectric model for soil-water
mixture developed by Hallikainen et al. [156, 157]. Since Hallikainen et al. model is defined
in 1.4 GHz — 18.0 GHz frequency range, the Peplinski et al. model was modified and fitted to
0.3 GHz — 1.3 GHz frequency range over 19 sets of distinctive soil conditions and with linear
correlation coefficient of 0.985. In relation to [156,157], in [159] the simple linear adjustment
of €/ and a new empirically expression for o4cerf effective static conductivity is added.

According to [159], the &/ real and & imaginary part of complex dielectric constant e,
(Eq. 2.19) are given by

1
e = L15[1+ 2 — 1) + OF fr — 0,] 7 —0.68 (2.32)

Ps

7
)l

el =0," &, (2.33)
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respectively. Where py, is soil bulk density, ps= 2.66 g/ cm® is the specific density of the solid
soil particles (assumed constant for all soil types), (,= 0.65 is an empirically determined
constant? and O, is soil moisture profile (Eq. 2.16). The 3’ and 3" are empirically determined
soil-type dependent constants given by

[ =1.2748 — 0.519 s4 — 0.152 ¢ (2.34)

8" =1.33797 — 0.603 sq — 0.166 (2.35)

where sg and ¢; are percentages content of sand and clay, respectively. Moreover, in Eq. 2.32,
€s is the dielectric constant of soil particles (rocks), and is given by the empirical model

Erock & €5 = (1.01 4 0.44p5)* — 0.062 (2.36)

e}w and Elfw arc given by Eq. 2.21 and Eq. 2.22, respectively, but now oy, in Eq. 2.22 is
changed by (taking into account the p porosity given by Eq. 2.8)

Ps = Po _
Ow = Ocff ;)36'0 =0erf P O, 1 (2.37)
where
Gerr = 0.0467 + 0.2204 py, — 0.4111 54+ 0.6614 ¢; (2.38)

Hence, substitution Eq. 2.22 into Fq. 2.33, with taking into account Eq. 2.37, leads to

8" _
" WTw(EMO - 5woc) ‘p Ocff P @513
r = 3 v +
1+ (wTw) Eow

€ (2.39)

where w = 27 f. Comparing Eq. 2.39 with the imaginary part of Eq. 2.29, the imaginary part
of complex relative permittivity, £/, and conductivity, o, equal

"
n_ Wy (Ewo - 5woo)

" _ osr 2.40
er 14 (wrw)? ! (240)
2
Tde _ Oefy P Os” (2.41)
Egw Egw

Those two equations, along Eq. 2.32, represent the EM properties of soil structure, with the
assumption that g, = 1 — 0i. Therefore, the real part of CREP (Eq. 2.29) is defined by
Eq. 2.32, and the imaginary part is defined by the sum of Eq. 2.40 and Eq. 2.41.

Presented model, Eq. 2.32 - Eq. 2.36 [159], and with regard to Eq. 2.21 - Eq. 2.25, clearly
shows the dependence of g, on soil texture, moisture profile, frequency and temperature as
well as the dependence of o4 on soil texture and moisture profile. Since both the soil texture
and moisture profile can be expressed as a function of depth, i.e., ¢(z) (Eq. 2.4), s4(2)
(Eq. 2.5), pp(2) (Eq. 2.6) and ©,(z) (Eq. 2.16), the quantities in Peplinski et al. model can
be also defined as a function of depth. Hence, the CREP ¢,(z, f) (Eq. 2.29) can be expressed
as

er(z, f) =€z, f) - [Eﬁf(z, f)+ ;’f;:)]z (2.42)

2Originaly, it is denoted as «. Here. is changed to ¢p, since « denotes the atteuuation cocfficient (in Eg. 2.82)
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Table 2.1 Comparison of the CREP in first layer.
STU fmin fc fmaz RET
Profile 300 [MHz] 800 [MHz] 1300 [MHz] [—]
BE 320202 7.3599-1.7387¢ | 7.3530-0.7312¢ | 7.3399-0.5425¢ | -0.0200+1.1961¢
FI 3580005 | 8.9179-1.2319: | 8.9098-0.5643: | 8.8945-0.4668: | -0.02334-0.7651¢
GM 490143 | 5.8423-1.6882¢ | 5.8374-0.6839; | 5.8279-0.4802: | -0.0145+1.2079¢
HU 360084 | 9.4783-2.5883¢ | 9.4687-1.09847 | 9.4503-0.8252¢ | -0.0279+1.7631¢
IT 390925 9.1743-4.4159¢ | 9.1640-1.78597 | 9.1445-1.2508: | -0.02984-3.16521
PO 3511382 | 9.9933-1.7025: | 9.9834-0.77097 | 9.9646-0.6292¢ | -0.0287+1.0732i
Therefore, the (z, f) complez effective permittivity is defined as
/ 7 04c(2) | . ,
€(Zaf)=50€r(27f)=€(zaf)[5 (z,f)+7f i (2.43)

While o4.(2)/(2mepf) varying strongly in the considered frequency range, compared to
e”(z, f), the results of complex relative permittivity modelling, instead of complex relative
effective permittivity, for the six chosen STU profiles based on Peplinski et al. model, are
shown in Fig. 2.6 for £'(z, f) and in Fig. 2.7 for ”(z, f). Duc to the fact that o4.(z) is
frequency-independent, it will be discussed later (o4.(z) is shown in Fig. 2.9¢). In these fig-
ures, the z depth vector is given by Eq. 2.2 (Section 2.1.1), and the f frequency vector is
simply defined in 0.3 GHz — 1.3 GHz range over N;= 2001 uniformly spaced points, with the
frequency step Af= 0.5 MHz. The T, temperature of the soil has been assumed constant in z
depth, Te(2) = 20 °C. The results are drawn just down to depth of 3.0 m and for comparison
the plots on each figure are represented in the same colour scale. The vertical lines represent
the frequency band of the three airborne systems compared in Tab. 1.1 (Section 1.2), whose
bandwidth completely lies in the range of applicability of the Peplinski et al. model. The
Radar2 is marked with maroon lines, the Radar3 is marked with dark green lines and the
Radar4 is marked with grey lines. Moreover, the centre frequency of 800 MHz is marked with
white dashed line. Additionally, the plots include the arca above the ground z > 0.0 m, which
represent the air (free space) where e,= 1.0 —0i, i.e, £/ = 0 and 4. = 0. Comparing all plots
in both figures, the difference between free space and first layer are evident, in particular, in
the case of &/ (Fig. 2.6). The values of real and imaginary part of complez relative permittivity
in the first layer are marked at each plots (see black dots) for 800 MHz. Moreover, Fig. 2.8
shows the &'(f), ”’(f) and o4./(2meo f) of the first soil layer in considered frequency range,
i.e., for z € [0.0,—hp). The value of the CREP in the first layer for 300 MHz, 800 MHz and
1300 MHz were presented in Tab. 2.1 for the chosen STU profiles. The joint change of £/ real
and ¢!/ imaginary part of the ¢, in given frequency range are expressed by the R., change
ratio, defined in complex form by

Re,« - Aglr(fmama fm'm) + Ag;"l(fmafra fmz’n)i (244>

where f,,;, and fp,q, is minimum and maximum frequency, respectively. Thus, for BE 320202,
the R., equals

R.. = (7.3399 — 7.3599) + (—0.5425 — (—1.7387))i ~ —0.0200 + 1.1961 (2.45)

Relative changes of both parts of the ¢, in the assumed frequency range differ considerably
between STU profiles. An analysis of Fig. 2.6, Fig. 2.7, Fig. 2.8 and Tab. 2.1 gives the following
obscrvations:
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Figure 2.6 Cowmparison the results of £/.(z, f) real part of CREP (Eq. 2.19) as a function of z depth
and f frequency for the six STU profiles using the mode of Peplinski et al.



2.1. SOIL MODELLING 31

0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75 0.80
T
|

Depth [m]

a) STU : BE 320202
Frequency [GHz]

03 04 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3
-0.0
-0.2
-04
-0.6
-0.8
-1.0
1.2
1.4
16
-1.8
-2.0
-2.2
-2.4
-2.6
-2.8

3.0 A

c) STU : GM 490143
Frequency [GHz]

0.3 04 0.5 06 0.7 0.8 0.9 1.0 1.1 1.2 1.3

Depth [m]

b) STU : FI 3580005
Frequency [GHZ]
0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2

d) STU : HU 360084
Frequency [GHz]

04 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2

0.0 -
-0.2 ]
0.4 ]
-0.6 E
| -0.8 ]
7 -1.0 3
= E _ 12
E ] E
= 3 = 14 .
g 3 g 3
2 1 2 16 E
E -1.8 E
] -2.0 E
] 22 3
E 24 3
7 2.6
e -2.8
. -3.0 T I T ST T T T S T S A S
e) STU : IT 390925 f) STU : PO 3511382
Frequency [GHz] Frequency [GHz]
03 04 05 06 07 08 09 10 11 12 13 03 04 05 06 07 08 09 10 11 12 13
0.0 -0.0 9
0.2 -0.2 e
-0.4 ] -0.4 3
06 Ii -0.6 7
0.8 B -0.8 3
1.0 ] -1.0 ]
_ 12 ] _ 12 3
E ] E 3
= 14 E s 14 3
g i g E
g 18 1 & -6 1
-1.8 ] -1.8
2.0 B -2.0
9 =
22 1 2.2
24 ] -2.4
26 ] 2.6
2.8 3 -2.8
3.0 I A A A A I AT FErE i | -3.0 T T A S AT R S A S S SR R S S A S A

Figure 2.7 Cowparison the results of €//(z, f) imaginary part of CREP (Eq. 2.19) as a function of

z depth and f frequency for the six STU profiles using the mode of Peplinski et al.
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Figure 2.8 Comparison the results of &'(f), €”(f) and o04./(27eof) of the first soil layer
(z € [0.0,—hg)) in considered frequency range for the six STU profiles using the mode of Peplinski et al.

In general, the horizontally layered nature of €. (Fig. 2.6) and €, (Fig. 2.7) is maintained
in relation to the geological horizons (compare with Fig. 2.4).

In depth dimension, based on results for all profiles it can be said that the shape of the
complex relative permittivity for a given frequency can be described as a process, the
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shape of which being similar to the shape of ©, soil moisture profile, but it amplitude
is modulated by the soil composition, i.e., relations between the s; and ¢; as well as the
pp- According to Eq. 2.34 and Eq. 2.35, the s4 sand content have a greater effect on &,
than ¢; clay content.

o Furthermore, the dependence on the frequency is also visible, clearly in the case of €/ and
less for /.. According to Fig. 2.8 and Tab. 2.1 the €. decreases slightly at the level of a few
hundredths, while the £/ increase more significantly at the level of a few tenths. Thus,
variability of both parts of the ¢, shows dispersive and loss nature of soil, which is not
uniform. The non-zero value of Ae! indicates the dispersion affecting the EM waveform.
Frequency-dependent attenuation (non-uniform energy absorption in frequency domain)
is represented by the relatively high value of Ae’.

In addition to Fig. 2.6, Fig. 2.7 and Fig. 2.8, the two parts of the &, as well as g4,
were plotted in Fig. 2.9, only in depth dimension, down to z = 3.0 m and for constant
frequency f. = 800 MHz (along white lines in these figures). The &/ is defined by Eq. 2.32,
and € is defined by Eq. 2.40. As results from Eq. 2.41, o4 is frequency independent. Now,
the relationship between the geological soil horizons (and their inner textural compositions)
(Fig. 2.2), the soil moisture profile (Fig. 2.5) and the &, complex dielectric constant as well
as og. static conductivity is clearly visible. As stated before, the shape of both parts of the
g, reproduce the shape of the ©, moisture profile. Moreover, the amplitude is determined by
mutual relation between the s; and ¢;. Further, as follows from Eq. 2.32 and Eq. 2.39, the &/,
is more influenced by the textural composition than €. Since the soil texture only affects €7
through 3” (Eq. 2.35), ¢ is affected through 8’ (Eq. 2.34) and p;, bulk density. When the O,
moisture profile (Fig. 2.5) is completely monotonically increasing function, i.e., the moisture
content increases when depth increases, the g, shows piecewise nature of length associated
with the height of consecutive soil horizons. Moreover, in Fig. 2.9 the height of first layer
ho is marked as well as the free space above the ground z > 0.0 m where ¢,= 1.0 — 0.
Now, the dielectric contrast between free space and soil surface is more visible. In fact, this
contrast effects on the surface reflection coefficient. While, the higher reflection coefficient
is desired for conventional surface imaging systems, for subsurface imaging its higher value
results in less amount of energy that can penetrate into the soil. Therefore, although the
moisture profile can have unlimited shape in natural environment, it seems desirable that
in the near subsurface layers the moisture profile should slightly increase from dry (about
5 %) at surface down to its natural value. Thus, the slight change of the ¢, between air and
surface (low EM reflection coefficient), as well as between near-surface layers, will results in
the high EM transmission coefficient of energy into the soil. As following from Eq. 2.41 (and
Eq. 2.38), the static conductivity o4, (Fig. 2.9¢) is strongly associated with sand sg and clay
¢; content. The F'T 3580005 has the dominant s; content in all horizons, in which it is defined
(Fig. 2.2b), thus, it has the lowest o4.. On the other hand, the 17" 390925 has dominant ¢
content, hence its o4 is the higher.

Similarly to the approximated soil structures presented in Fig. 2.4, the results of &, (z, f)
modelling (sce Eq. 2.42) arc duplicated in both x along and y across dimension as follow:

ET(£U7 y7 Z’ f) = ET(Z7 f) (2'46>

and shown in Fig. 2.10. As before, the results are drawn down just to depth of 3.0 m and in
the same colour scale, but now they are presents for one frequency e, (z,y, z) = €,(z,y, 2, f),
since Eq. 2.46 is four-dimensional. For differentiation, the a) BE 320202 and b) F'I 3580005
show the |e,| for f. = 360 MHz (Radar2, the dashed maroon lines in Fig. 2.6 and Fig. 2.7).
The |e,| for f. = 435 MHz (Radar3, the dashed green lines) is shown in ¢) GM 490143 and
d) HU 360084, and the e) IT 390925 and f) PO 3511382 show the || for f. = 1200 MHz
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Figure 2.9 Comparison the results of modelling of the a) /(z) and b) £.(z) of the soil complex

dielectric constant, and c) o4.(2), as a result of z depth, for f = 800 MHz and the six STU profiles
using the mode of Peplinski et al.

(Radar4, the dashed grey lines). Additionally, value of the £, in the first layer is given at the
top of structure. Comparison of Fig. 2.10 and Fig. 2.4 shows that the structure of the relative
permittivity is not totally cquivalent to the geological structure represented in colour scale.
The soil colour indicates only the textural information, and slight changes in soil composition
within the same soil horizon (which are invisible in Fig. 2.4) firstly results in different moisture
content and then in the changes of dielectric constant.

2.1.4 Summary

Presented in this section, considerations on modelling of the soil EM nature are based on the
assumption that textural composition of the soil affects both the soil moisture profile and
EM properties. Thus, the pedotransfer (geologically- and hydrologically-motivated) approach
is applied to calculate the complex relative permittivity and conductivity of soil structure,
which both are recognized as complex relative effective permittivity (CREP). Firstly the real
geological information, stored in the SPADE-2 database, has been used for the approximation
of soil layered structure with an uniform height of the successive layers and with a random
inner soil composition. However, to improve the soil structure interpolation in assumed grid
the geophysics based interpolation method, like Inverse Distance Weighting, or Kriging based
interpolation might be used. The empirical model proposed by Peplinski et al. was used for
calculation of the EM properties in GPR frequency range (0.3 GHz — 1.3 GHz) and down to
the sufficient depth of 15.00 m, which is much greater than the assumed maximum depth of
subsurface imaging.
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Figure 2.10 Three-dimensional approximation of the |e,.| CREP of soil structures created based on
the chosen STU profiles from SPADE-2 (for comparison, see Fig. 2.4).
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The obtained results clearly show that the geological structure is not fully tantamount to
the structure of complex dielectric constant, and moisture profile is a parameter which links
geological and EM nature of soil. Therefore, the exact information about the geological nature
of the soil can be a key parameter for microwave subsurface imaging, in particular, performed
on a large scale from the airborne platforms over non-arid areas. Moreover, as depicted in
Fig. 2.10, the EM soil structure is not monotonic volume, wherein the permittivity constantly
increcasing with changing step in depth dimension up to a fixed constant value, but rather
the non-periodical structure, in which permittivity significant changes between successive
horizons (causing a not negligible discontinuity at the border of the following horizons).

2.2 Airborne Subsurface Imaging Geometry

Compared to the satellite-borne SAR and ground-based GPR platforms, the airborne plat-
form provides high reconfigurability and vast, purpose-dependent area for imaging of an
optically invisible soil structure. In addition, the imaging process may be repeated several
times in short periods, with various radar features (carrier frequency and band, polarization)
and/or at different geometry (different height and look angle). Thus, assuming a high stabil-
ity and also repeatability of airborne platform trajectory, the imaging process over the area
under investigation can be carried out as conventional SAR acquisition, or extended with
additional acquisitions and leading to InSAR, or Pol-InSAR processing.

Overall, from the geometrical point of view, the AGPR imaging configuration is based
on the SLAR configuration, with typical parameters of radars used in conventional airborne
SAR mission (presented in Tab. 1.1). The key difference lies in a different purposes of obser-
vation [124]. Classical airborne SAR systems are devoted to imaging the terrain surface and
a typical high-resolution SAR image represents only a directional (backscattered) reflectivity
of the terrain surface. On the other hand, AGPR intends to image the optically invisible
soil structure located under the surface and process backscattered terrain returns as clut-
ter, which blurs the image. Fig. 2.11 presents an adequate geometry of a AGPR mission (in
SLAR, broadside Stripmap SAR with zero squint angle) with an example location of typical
objects buried in the soil. The AGPR subsurface imaging mission is performed at height H,
of several thousands of meters, where H, > h, ¥ n, where n is the index of I, layer (see
Section 2.1.1), and Hy, > Z,pe,; along the straight and parallel to Earth surface line with vy,
velocity and at 6; oblique incidence over the distance Lg in the flight time Tg. The Earth
is assumed as locally flat. The real antenna of length Lp, with 3dB azimuth 68,, and 3dB
elevation 0.; beam-width, is oriented at an incident angle ;. The antenna gain G, equals
[11,13]

4
= «
eazeel !

where 6,, and 0,; are in radians and o, = 0.88 is the antenna factor providing —13 dB peak
sidelobe level. When «, = 1.30 gives the —45 dB, but then the antenna dimensions increases,
that it is impractical and decreases the theoretical azimuth resolution. The grazing angle ¢,

Ga

(2.47)

s
defined between the line of sight and ground plane, equals ¢, = —— 6;, the near slant range

to swath is R, and the far slant range is R;. The area of the footprint at the ground, Ar
(shown in Fig. 2.12(a)), defined by the intersection of the antenna beam in ground plane,
depends on R, slant range to swath centre, 3dB antenna beam-width in ,, azimuth and 60
elevation as well from 1), grazing angle. The size of footprint on the soil surface is defined as
13)

AFq = Rsclaz (2.48)
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PIPELINE

Figure 2.11 The airborne subsurface imaging geometry over flat and bare soil surface (sandy loam)
of approximated soil structure (based on STU HU 360084) with typical objects buried at different
depths and locations: pipeline, stone and mine.

Rsceel
sin ),
in the Ap, azimuth and Ar. ground direction, respectively. The Ty, dwell time at R
centre slant range equals (see Eq. 1.14)

Are = Rsclecscipy = (2.49)

Rse ARsc

Tawen = —vp Ln (2.50)

meaning that the target located on soil surface in the middle of Lg will be exposed in ngg”
seconds (wasgll is also referred to as the exposure time). The AR slant range resolution, which
proportional to 7 pulse duration, equals AR= ¢7/2, and pulse stretch on the ground (shown
in Fig. 2.12(b)) equals

AR
COS 1

which decreases with decreasing v, (increasing 6;). For modern SAR systems, which transmit
a chirp signal, the AR= ¢/(2By) is inversely proportional to the pulse bandwidth By. During
an acquisition along the Lg and over bare and flat terrain surfaces, the AGPR system observes
swath about Wi, width and length dependent on the acquisition (or mission) time. The low
PRFj,, and high PRFj;g, limit of PRF is given by [4,12]

AR, = (2.51)

Up

PRﬂow = m

(2.52)

PRFhigh = (27 + 2

Rs _Rsn !
ff (2.53)
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Figure 2.12 The airborne subsurface imaging geometry in ground and elevation plane (soil structure
is approximated based on STU IT 390925).

which means that the radar should send the next pulse before moving half of the along-track
antenna length (Eq. 2.52), moreover, the leading edge of u+ 1 transmitted pulse cannot reach
a near swath range Ry, before the travelling edge of u pulse reached a far slant range Ry
(Eq. 2.53). In other words, in the observed area, between R, and Ry, only one pulse can
propagate to avoid range ambiguity.

The soil structure in Fig. 2.11, created based on STU HU 360084 (Fig 2.4d), contains
three types of usual objects located at typical depths for each. Anti-personnel mines are
mostly placed just below the surface, pipelines (or underground installations) are usually
located down to several meters and stones (or rocks) which can lie at every depth. Such
objects have their own dielectric constants, defined by the material from which they are
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made (see [31, Table 2.1] for instance). Moreover, as stated early, the soil discontinuities
and underground water tanks are natural scatterers inside its structure. For simplicity, only
one approximated geological soil structure from Fig. 2.4 is shown in Fig. 2.11. Although all
created structures have the same number of layers, i.e., NV,, HU 360084 structure stands out
the most inhomogeneous geological structure in depth dimension among others, i.e., it has the
largest number of different soil types (six, from top: sandy loam, sandy clay loam, loamy sand,
sand, clay, clay loam) and the greatest number of changes in soil types between consccutive
layers (above 700). This STU counsists of, in an original form, the most varied horizontal
composition, and after the approximation and application of pedotransfer approach it gained
the most unforeseen changes of the CREP in depth dimension. However, other approximated
soil structures, presented in Fig 2.4, can replace the HU 360084 in Fig. 2.11, such as the
IT 390925 (Fig 2.4e) is shown in Fig. 2.12.

2.3 Subsurface Backscattering Features

Unlike to conventional SAR systems, the AGPR intends to subsurface imaging. Thus, the
subsurface backscattering features have to be correctly mapped to the adequate multi-layer
model, taking into account both the reflection and transmission of EM waves at a consecutive
planar interfaces as well as attenuation of EM waves during its propagation through a stack
of piecewise homogeneous and thin layers [130,131]. The Fig. 2.13 shows a reflection and
transmission of EM wave in an isotropic stratified medium made up from the consecutive,
homogeneous, planar and thin layers [, of various h, height (Eq. 2.1) and with different
€rn complex relative permittivity (Eq. 2.19), pu, , relative permeability (Eq. 2.18) and con-
ductivity o,, (Eq. 2.41). The boundary between consecutive layer [,, and [,,1 are defined at
zZn+1 (Eq. 2.2), where hp,= zp,41 — 2z, and hy, # hy 1. As follows from Eq. 2.3, the last layer
IN, € [Zmaz, —00) is modelled as semi-infinite homogeneous region. In this half-space, only
downward transmitted field exists since there in no reflection from the bottom of down-infinite
homogeneous half-space [179-182]. Similarly, the air is modelled as upper-infinite half-space
lg € (+00,0), but with the difference that in this half-space both the downwards transmitted
F' and upwards backscattered E° fields exist. The index of refraction n, for a I, layer in
non-magnetic dielectric stratified medium, where p, 5, = f n41 = 1404, is defined as [167,180]

Nn = VHrm€rm = \/Erpn (254)

and the relative refractive index n,, 1 from layer ,, to layer [, is

Nn Ern
Npntl1 = = (255)
Nn41 Ern+1

and Ny, = (nn,nH)_l. Hence, the relative refractive index ng ¢ from air /,, where dielectric

. . g 1
constant ¢, , = 1.0, to first soil layer Iy, where &0, is ng0 = he — . Furthermore,

€r,0 B \Er,0

substitution of the calculated values of €., (Section 2.1.3, Fig. 2.9) into Eq. 2.55 results in
non-monotonic changes of ny, 1. Inside soil horizon the value of n, 41 will fluctuate around
1.0, since €., and &, 41 differs slightly. The largest deviation from the n, 41 ~ 1.0 occurs
at the border of horizons, where epsilon is changing significantly. In general, both the inward
(when n,, < nn+1) and outward (when n,, > n,41) refraction occur during wave propagation,
cven in the same soil horizon. Morcover, since relative permittivity is assumed to be complex
valued, the index of refraction is also complex and can be expressed in general form as
n, = n,, — n.i. Beside that, in each layer [,, the magnitude & (i.e., angular wavenumber) of
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A) Geometry of EM waves at a planary boundary and oblique
incidence: reflection and refraction of (a) TE and (b) TM case.
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Figure 2.13 The reflection and transmission of the obliquely incident EM wave in stratified isotropic
medium made up from N, homogeneous, planar and thin layers: A) geometry of EM waves at a planar
boundary and oblique incidence (not to scale for clarity).

the k wave vector equals [179,180]
2r  2nf w

kn = \ = = CD = W\/En///n = w\/EONO\/Er,n (256)
Ypm et

where €, = €0&rn, in = Moflrn = Mo, A is wavelength, v, , is the phase velocity. Moreover, the

ky, wave vector in [, can be decomposed into three components (K%, k¥, k7) which satisfied
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the relations [167]
kn = nk, = &k; + gk? + 2kZ (2.57)

(kn)? = (k)" + (k)% + (k3) (2.58)

where &, § and £ are the unit vectors in their respective directions, and 7 is the unit vector
of propagation dircction. However, assuming the component kY = 0, and using Eq. 2.56, the
Eq. 2.58 change as follow [167,179-182]

(522 + (k2)* = wenpin (2.59)

Eq. 2.59 is more often known as the dispersion equation. For oblique incidence and propaga-
tion at 6; 5, (as depicted in Fig. 2.13A) through [, layer

kY = kypsin®;,  (along z-axis)
k; = kncosO;yn  (along z-axis) (2.60)

2.3.1 Reflection and Transmission in Stratified Medium

Reflection and transmission of EM waves at plane boundaries are governed by Fresnel coef-
ficients of RT® (RTM) reflection and T7# (TTM) transmission, respectively for transverse
electric (TE) or transverse magnetic (TM) waves. In general, for oblique incidence at 6, from
i incidence medium to ¢ transmission medium (see Fig. 2.13A), the RTZ reflection and T7%
transmission coefficients for perpendicular polarization (i.e., reflection and transmission coef-
ficients of electric field) and the RT™ reflection and T7M transmission coefficients for parallel
polarization (i.e., reflection and transmission coefficients of magnetic field) are given by [167]

7t cos 0; — n; cos B4

RTE = 2.61
ut n¢ cos 6; + n; cos 6; ( )
21 cos 0;

TTE =1+ RTE = 2.62
ut + A 1t cos B; + n; cos Oy ( )
RTM _ —n; cos 0; + n; cos O, (2.63)

ut 1 cos Oy + n; cos O; '

) 0 92 0.

TZQ’;]\/[ =1 +RZtM) cosb; Tt COS Uy (2.64)

cosfy 1t cos B + 1; cos 0;

where n; (7;) is wave impedances of i incident (¢ transmission) medium. For the oblique inci-
dence, however, at boundary between non-magnetic dielectric media, where i, , = iy 1 =
1+ 0i, i.e., from upper [, layer to bottom [, 1 layer (as depicted in Fig. 2.13), the Eq. 2.61-

Eq. 2.64 becomes [181,182]
cos0;, — /E"+1 \/1 - < cn > sin? 6, ,
_ En En+1

Rfﬁﬂ = - - (2:65)
Fn=pn1=l" cos@; , + \/TH 1- < . > sin® 0
En En+1
2 cosb; .
T,IL?,EL’_g_l LN (2.66)

_ _ [Ena1 € L
Pn=Hn+1=1 cos ei,n + n-+ 1— < n > Sln2 ei,n
€n En+1
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€ € .
—cosb;, + ,/ Ly ( n ) sin? Oin
En+1 En+1

RZ%A = = - (2:67)
Hn=Hn41=1 CcOoS 07“”/ —+ \/T 1 — < n ) Sin2 07,,7’),
/ En+1 En+1
2,/ cn cost;
En+1 ) .
Tg%ﬂ n (2.68)

€ € .
pn=pnt1=1 cos B, + [—— 1 — < = > sin? 0, ,,
En+1 En+1

respectively. The 0;,, is angle of incident in ,, (upper) layer. The magnitude of the |RaT€ ,
ITIE L, IRE, |TL3Y| for oblique incidence from air I, to first layer Iy of the soil structure
arc shown in Fig. 2.14, with respect to the incidence angle and radar carrier frequency, and
separately for chosen STU profiles. The vertical lines indicate incident angles used by radar
systems. While €, g of first soil layer depends on frequency (for a given STU profile), for each
radar unit (of different carrier frequency) the |RI5|, |T1F|, |RIY!| and |T1)!| have slightly
different shape. As presented in Section 2.1.3, the real part of €, changes slightly in the
considered frequency range, therefore, the diversity of shape results from strongly varying
imaginary part of ¢, 9. For Radar2 and Radar3, which carrier frequency lies close to each
other, the plots strongly overlapping, almost completely for F'I 3580005 and PO 3511382.
However, little differences occur for I'7° 390925. For Radar4, with a higher carrier frequency,
plots can be clearly distinguished for IT 390925. For FI 3580005, they overlap with the
other two systems. While the magnitude |e, o| of the complex relative permittivity decreases
in frequency (sce Tab. 2.1) in the first layer,the ngo (Eq. 2.55) increases, the magnitude
of |Rqp| decreases whereas the magnitude of |T, | increase. Hence, more energy can pass
through the air-soil interface to its interior structure. However, since the frequency decreases,
the module of ¢, significantly increases, and in consequence, the reflection losses at first soil
surface increases. Moreover, comparing between the STU profiles, the reflection coeflicient
is higher for clayey soils as for I'T 390925 than in sandy soils BFE 320202 and GM 490143
(compare left column). Extending the analysis through further interfaces, i.e., consecutively
on interface between ly and Iy, the |R{ | and |RI}!| almost equal zero, and |T{ | and | T M
equals approximately one, since €, o ~ ¢, 1 (Fig. 2.9). The most significant departures from
|RIE |~ |REAM |~ 0 and |TTE (| ~ |TEMA | & 1 occur at the interface between different
soil horizons (their lower and upper layer).

2.3.2 EM Field in Multi-Layer Medium

Overall, although that the soil layer [, is modelled as thin, planar and homogeneous (as
depicted in Fig. 2.13) the total electric field in it can be written as [167,179, 182]

Eypn = (Ape 7 4 Cpelfn?) ifine (2.69)
where A, is magnitude of fields traversing downward (transmitted or reflected from upper
interface defined at z,) and C), is magnitude of fields traversing upward (reflected or trans-

z

mitted from lower interface defined at z,,11), and (k¥, kZ) are wave number components along
x and z axis (Eq. 2.60). Since there are multiple reflection (double bounce) in each [,, layer,
A, represents all wave components that travelling downwards, and C,, represents those wave
components that travelling upwards. Assuming the TE plane wave E = yEq, which obliquely

incident at soil surface (reflecting plane in z-y), the total field in [, air becomes

E, = (1- Bge *a% 1 R, gEgel*a?) elfae (2.70)
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reflection and |T2F|, |TL}| transmission coefficients for

approximated soil structures as a function of 6; incident angle, polarization (T'E, T M) and frequency:
Radar2 (f. = 360 MHz, 20° < 6; < 60°), Radar3 (f. = 435 MHz, 40° < 6; < 60°), Radar4 (f. =
1200 MHz, 27° < §; < 60°); the ¢, o represents CREP in the first soil layer, its depends on frequency.
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since there are no downwards wave except the Fy, so A, = 1 Eg, and C, = J?iaﬁoEo, where
Ra o represents generalized reflection coefficient from soil surface. In turn, the total field in
th last layer I, becomes

ENz = (TNz_l;NzENz_l 6_jkfz\7zlz +0- €jk7\7z.z) €jk”’NZ h (271)
with Cn, = 0 because there are no upwards field, £y, , is total field in [y, , and TN%L N,
is generalized transmission coefficient from layer Iy, , to layer ly,. Furthermore, both R, ¢
and Tv,_, n,, in addition to R, surface reflection in [, and T,_, n, transmission in [y,
include the effect of subsurface internal reflection R,_.n, and internal transmission Ty,_.y, in
multilayer medium. Hence, they can be expressed in general form as [180]

Ra,o = Ra,O + Ra,ﬁ«»Nz (272)

j:’szlyN: = TszlyN: + Taﬁ‘_)NZ (273)

and their close-form solution can be found iteratively [180]. However, this straightforward
procedure is highly time-consuming, particularly when the IV, > 1, and it cannot be simplified
when hy, # hy, 41 (according to Eq. 2.1). Nevertheless, as result from the boundary conditions
of continuity of tangential electric and magnetic fields at each interface, the magnitudes of
total upwards and downwards wave component in a given layers [, and [, 1, i.e., An, Cp,
Apt1, Cr11 are coupled as follow [179]

Ape iknzn
= B(n,n+1) (274)

Cyelkian CnJrlejkTZLH'z"+1

An+1ejkvzz+1‘zn+1]

by the backward-propagating matrix B, 1), which gives the ratio of the fields in upper Iy,
layer to fields in lower [, 11 layer. For TE wave, B, ,11) is given by

1 Pn kg
By = 3 <1 + ﬁlnkz x
n

e—jkf”rl hnt1 R(n,n—&-l) ejkﬁJrl A1

] (2.75)

e_jkf7+1h’n+1 ejk57+1h’n+1

R(n,n+1)

where h,11 (Eq. 2.1) is the heigh of lower [,41 layer. Moreover, the Fresnel reflection coeffi-
cient R, ,41) at the interface 2,11 equals

1 Hn Ko
ey - SR o
) 1+ Mo Kpin pingr kG pin KLy |

pnt1 k7,

Based on B, 1), the wave amplitudes in any region m can be express in terms of those
in region p, where m < p. Therefore, for m = a (air) and p = N, (semi-infinite soil layer),
and a < d,, < N., where d,, is isotropic target location (see Fig. 2.13), the Eq. 2.74 can be
literally expanded through all considered layers, even much deeper than the location of the
object, as follow [179]

TeJk]Z\/ZzN:

0

1

a7 Ba,0)B(0,1) - Bdn-1,d0)Bldn,dn+1) - B(Nz—1,N2)

] (2.77)

where R and T are two unknowns. Since the exact soil model is known, i.e.,
Ma = tn = Mnt1 = po, dp depth of each interface, h,, height of each layer as well as its &,
complex dielectric constant and o, conductivity, the By, ,.1) can be found based on disper-
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sion relation. As follows from Eq. 2.59, in each layer the two wave vector components (k?, kZ)
satisfied the equation of dispersion. Thus, using the method of the tangential filed continuity
(phase matching conditions) at the interface of two layers [179]

hisinf; = k% = kS = k¥ = . = kS = k%, = .. = k%, = k% (2.78)

where k; is magnitude of wave vector of incident E? wave in air. Then, the kZ can be deduced
from the equation of dispersion (Eq. 2.59)

k2 = \Jw2enpin — (kisin;)’ (2.79)

Based on the ray-tracing method [183,184] (applied also in [21]), the downward scattering
component of the electric filed can be calculate for each layer [,,. Assuming an isotropic point
scatterer at depth d,,, where 0 < d,, € Zq4z, the upward backscattering component of the
electric field can be obtained by changing the wavenumber sign [87]. Although this method
of ray-tracing used for calculation of target backscattered response is very simple, it allows
one to understand the distortion, i.e., irregular attenuation and dispersion effect, leading to
envelope fluctuations of the backscattered signal, in an easier way. Despite the other methods
developed for modelling of EM wave propagation and fitted for GPR, as a method using
finite differences, the ray-tracing method allows to consider only the backscattered EM filed.
In addition, the advantage of this method is the ability to calculate both propagation angles
(0i.m, 01 n) as well as the propagation time 7, of radar chirp through a layer [,,. Hence, based on
7, the global two-way delay time of radar chirp, transmitted by radar at H;, and 6; through the
soil structure down to the d,, depth and return, can be calculated as well. Moreover, as follows
from Snell’s law, 0; , = 0, . Finally, this computational formalism can be easily applied for
TM polarization by replacing pin, by €,, in backward-propagation matrix (Eq. 2.75 and
Eq. 2.76).

2.3.3 Penetration Capabilities

The problems affecting the EM wave propagation in soil structure result from dispersive and
lossy nature of the soil expressed in complex effective permittivity (Eq. 2.30). Since k wave
vector is complex, the v = ki propagation coefficient [167,182] is complex as well. As results
from Eq. 2.59, k can be expressed in general form as k£ = 5 — «ai. Hence

y=ki=(8—ai)i=a+bi (2.80)

In Eq. 2.80, the « is the attenuation coefficient (Np/m), and /3 is the phase coefficient (rad/m),
and 1 Np = 20/In 10 =~ 8.6859 dB. The « depicts the attenuation (propagation loss) affecting
wave propagation in layer, and it does not include reflection loss occurring when wave incident
on the interface between two layers (see Section 2.3.1). The /3 represents additional phase shift.
Including relative parameters (Eq. 2.18 and Eq. 2.29) into Eq. 2.59, leads to [167]

k? = k2 + k2 = wlposo

gl — <a;’ + %M = (8% — a?) — 2aPi (2.81)

WEeQ

where the real and imaginary parts must be equals to each other. Therefore, the o attenuation
cocfficient cquals

a [dB/m] = 8.6859 w+/Zopo 4| — || 1+ (M> -1 (2.82)
2 wepe,
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and (3 phase coefficient equals

el wepe! + O'dc>2
8 [rad = € ! —r 1 2.83
3 /] = o ZN b (L) 8
Both parameters are determined by polarization loss (when £’ # 0) and conductivity loss
(when og4. # 0). However, for £, = £/ — 0i, and o4, = 0, the Eq. 2.82 and Eq. 2.83 reduce to

a [dB/m] =0 (2.84)

B [rad/m| = w4/ poeoel (2.85)

Taking into account that £/(z, f) and £”(z, f) depend on depth and frequency as well as o(z)
depends only on depth, the attenuation coeflicient can be calculated in [,, layer as a function
of depth and frequency. The Fig. 2.15 shows the one-way « attenuation coeflicient calculated
for approximated soil structures. As before, the plots are drawn down to depth smaller that
Zmaz and for three various frequency: 360 MHz, 435 MHz and 1200 MHz, i.e., the carrier
frequency of Radar2, Radar3 and Radar4, respectively (see Tab. 1.1). These plots present the
attenuation (in dB) at the distance of 1 m in the homogeneous medium about the parameters
exactly as in [, layer. The horizontal changes are clearly visible. These changes result from
the value of CREP (Eq. 2.29, Fig. 2.10) estimated for the approximated geological texture
(Fig. 2.4) with the usc of pedotransfer function. The ay, (in n'* layer) significantly grows with
frequency. For constant frequency is has lower value in sandy soils (horizons) than in clayey
soils (horizons), with the assumption about the same moisture content. Characteristically,
while mainly in all approximated structures the shape of « is similar among considered fre-
quency (proportionally shifted), the «,, for Radar4 behaves differently just below the surface
for FI 3580005, HU 360084 and PO 3511382 (see left column of Fig. 2.15).

Furthermore, the «,, indicates how the EM wave drops (decay per metre) during prop-
agation in a lossy medium. The quantity J, defined as depth of penetration [12,126,167] or
skin depth, express a concept leading to the depth over which the wave amplitude decays to
1/e = 0.369 (—8.69 dB) of its valuc just under the interface (i.c., at z = 0_, also defined as
immediate sub-surface value). The § is defined as

5ml=~ = ! (2.86)

[0 2
W 1+<w€o€+0d) .
2 WEQE].

As results from the analysis of Eq. 2.86, for homogeneous and loss half-space the § increases
with wavelength (the lower frequency, the higher penetration depth). Moreover, when &/ = 0
and o4. = 0, the @ = 0 dB/m, hence, the § = oo m. This useful concept of § shows the effect
of soil EM properties (determined by soil composition and moisture profile) and wavelength
on the maximum depth contributing to backscattered signal registration [126]. Although
theoretically, shorter wavelengths and drier soils provide greater depth of propagation, in
practice, the precise value of § is difficult to compute or even estimate. In particular, outside
of laboratory conditions or for real soil field. In Fig. 2.16, the computed values of §,, are shown
for approximated structures and for the same set of frequencies. In these plots, the estimated
value of d,, in layer [,, (at depth d,,) represents the depth (below theoretical interface) at which
the EM wave decay to 1/e of its value below this interface, with the assumption that EM wave
entered and propagates through a medium (unlimited from the bottom and homogencous)
with parameters of layer [,,. Estimated values of §,, are much greater than the height of each
layer (Eq. 2.1) assumed in soil model. Horizontal changes are still presents, but now it is clearly
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Figure 2.15 The one-way attenuation «, [dB/m] in soil layers for various carrier frequency of SAR

system in considered STU-based soil structures.
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Figure 2.16 The penetration depth d,, [m] in soil layers for various carrier frequency of SAR system
in considered STU-based soil structures.
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shown that in homogeneous medium the deeper penetration depth is obtained for longer
wavelengths and sandy soils. For highly clayey composition (as in first layers of 17" 390925),
attenuation « is significantly high, and the penetration depth J,, is the lowest among the
considered STU-based soil structures. On the other hand, although that FI 3580005 has
relatively high complex dielectric constants (i.e., its real part, see Fig. 2.9a.b), it has the
lowest «,, and the deepest §,, since it has the lowest o (see Fig. 2.9¢). In addition, thin
dashed vertical lines in Fig. 2.16 represents the wavelength of radar waveform A, = co/ fe,r.
Mostly, the skin depth for given radar is less than or close to the wavelength of radar pulse.
Only for F'I 3580005 it is deeper than the wavelength, or slightly less. Comparing, however,
the ratio of d,/A, it is clearly shown that for Radar4 this ratio is close to one, and in
FI 3580005 reaches the maximum value of 6, /A, ~ 2.00 (in first two layer). For Radar2 and
Radar3, the ratio of d, /A, is generally less than 0.6, expect F'T 3580005, where it oscillate
around 1.0, while the ratio of 6,,/\, for Radar4 in the all approximated structures is not less
than 0.5. Whereas, the skin depth is widely considered as equal to wavelength, the Fig. 2.16
shows that it strongly depend on soil EM nature. Contrary to many experiments, performed
in nearly optimal conditions, in real scenario, i.e., over wide areas in different places of the
Earth, the penetration depth can vary strongly. Hence, small buried targets can be easily
observed with higher frequency radar at deeper depths than large buried structures located
at shallow depths.

For oblique incidence at 8;, the effective propagation distance in layer [,, is proportional
to the height h, of layer and transmission angle 6;,. Therefore, although that the « is
not negligible, it affects the magnitude of EM wave only at very short distance during its
propagation in [, layer. Hence, in highly inhomogeneous medium, consisting of thin planer and
homogeneous layers (Fig. 2.13), the equivalent propagation loss and theoretical penetration
depth result from individual contributions of attenuation of the successive layers as well as
from transmission losses at boundary between consecutive layers. Fig. 2.17 shows the one-way
total attenuation L, affecting the magnitude of EM wave propagate through approximated
STU-based soil structures only for 40° and both polarization. The estimated 4, /. penetration
depths are presented in Tab. 2.2 and are marked (in thin vertical lines) for various carrier
frequencies. In calculations, the 0; incident angle was equal to 20°, 40° and 60°, respectively,
for these three airborne SAR systems presented earlier in Section 2.3.1. For 20° and 60°, the
one-way total attenuation L, retains its shape and is proportionally shifted due to different
transmission loss at air-soil interface, relatively small decrease in L, for 60° and relatively high
increase L, for 20° (as results from assumed model of CREP). From this reasons, the plots
for 20° and 60° are not shown in the Fig. 2.17. While 4 . is defined with respect to immediate
sub-surface value, the transmission losses at air-soil interface are taken into account. These
losses are identified as part of the energy that do not penetrate through interface between
layer. Without taking this losses into consideration, the 9, . does not exceed a few centimetres
below soil surface (see the 1/e = 0.369 (—8.69 dB) limit marked by dashed horizontal line). As
can be seen, the attenuation is nearly linear through soil horizon and it changes significantly
at interface between the soil horizons. The deflection of curves occurred at the boundary
between soil horizons (compare with Fig. A.4 presented in Appendix A), in particular, when
the soil composition changes radically between two different types. Moreover, the relation
between level of a;, attenuation in layer (Fig 2.15) and transmission losses revealed in first
soil layer. While £, decreases with frequency (Fig. 2.8) and at carrier frequency of Radar4 the
transmission losses are smaller than for Radar3 and Radar2, the attenuation in all layer is
significantly higher for Radar4. Hence, despite the fact that just below the surface the L (20— )
is lower for Radar4, at the top of second soil layer the Lq(z1—) is higher for Radard and
smaller for other. While through the original soil horizon, the €, 5, < &, 511, the attenuation
o, strongly affects the EM wave. However, when ¢, ,, is significantly higher than e, ,.1 (as
around z, = —0.3 m for FI 3580005, z, = —1.4 m for HU 360084 and z, = —0.6 m for
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Table 2.2 FEstimated value of §;/. [m] penetration depth of EM wave in considered soil structures
for various carrier frequency.

STU Radar2 Radar3 Radar4 Adqye Ad {3/ .
Profile 360 [MHz] | 435 [MHz] | 1200 [MHz] [111] [11/MHz]
BE 320202 0.3942 0.3942 0.2985 -0.0956 | -9.565e-05
FI 3580005 0.7179 0.6843 0.3742 -0.3437 | -3.437e-04
GM 490143 0.3471 0.3381 0.2822 -0.0649 | -6.485e-05
HU 360084 0.3381 0.3291 0.2438 -0.0943 | -9.426¢-05
IT 390925 0.1938 0.1938 0.1584 -0.0354 | -3.538e-05
PO 3511382 0.4328 0.4328 0.3083 -0.1245 | -1.245e-04

IT 390925), the amplitude of EM wave at the top of the layer n + 1 increases relatively
more than the attenuation that occurs at distance h,,11(cos 9i7n+1)*1. From this reason, at
the boundary between optically more n and less n + 1 denser layers, the L, distinguish
decreases. An analysis of the total attenuation along the propagation path in soil can be
equated to analysis of the wave attenuation caused by vegetation or tree canopy (stalks or
trunks, and leafs, see [185, Fig. 11-19, Fig. 11-53]), with the difference that soil surface stands
uniform septation between air and soil structure, whereas vegetation or tree crown is not so
uniform and cohesive surface (area). Hence, which results in rapid attenuation below soil
surface (Fig. 2.17) in contrast to a slight fluctuation in the first few centimetres of vegetation
canopy ([185, Fig. 11-19]). The estimated values of 0, . differs for various carrier frequencies,
are similar for Radar2 and Radar3 and distinctly lower for Radar4. In addition, throughout
the considered frequency bandwidth, the Ady /. penctration depth deviation takes negative
values. Those negative values of the Ad; /, show that higher frequency are attenuated strongly
(which was predictable when analysing Iig. 2.15). As results from Tab. 2.2, the values of 4, ,,
and Ady/. depend on soil composition in consecutive layers (horizons). However, Ad; /. for
BE 320202 and HU 360084 as well for GM 490143 and I7T" 390925 takes similar values, and is
smaller than 10 cm or 7 cm, respectively. Hence, for UWB system (e.g., of 1.0 GHz bandwidth
as the frequency range of Peplinski et al. model) small deviation of the penetration depths
may possibly occur in the highly lossy soil, even if the penetration depth is much shallower
than in the "easily penetrating” soils, where Ad;/, may be an order of magnitude greater
(compare maximum and minimum of ¢/, and Ady /. for F'I 3580005 and IT 390925). The
A(SlB . expressces a slope of the change in depth penetration over the frequency range. Large dy /¢
required for the dedicated mission purposes can lead to large variation of penetration depth
A(Sﬁ . over instantaneous frequency of UWB radar pulse, and thus, to significant deformation
of the backscattered pulse envelope. The ratio of d,,/A, shows that the penetration depth
is morc degraded by increcasing the diclectric constants and conductivity than decrcasing
wavelength.

2.3.4 Surface-Volume Backscattering Coefficient

The area investigated by AGPR. is rather represented as soil volume than only as soil surface.
Hence, both surface reflection and volume scattering contribute to backscattering coefficient
but with various degrees. For planar or weakly rough surfaces (Fig. 2.11), the backscattering
coefficient is directly proportional to Fresnel reflection coefficient (Fig. 2.14). Beyond the de-
pendence on incident angle 6;, polarization and radar wavelength A, the surface backscattering
coefficient is strongly dependent on the roughness, type of ground cover (bare or vegetation-
covered), moisture content and soil composition [186—188]. The limit between planar or rough
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surface is defined by the Rayleigh criterion [12]

2T . m
Y 2hpms sin g < 5 (2.87)

T
where hy.,s is the root mean square of a surface height irregularity, and ¢, = (= — 6;) is the

grazing angle. From Eq. 2.87 results that the surface can be considered as flat, when the phase
variation caused by vertical variations of the surface does not exceed m/2. For considered A
(i.e., A2, A3 and A\4) and assuming weakly rough surface hn,s = o, (see Section 2.1), Eq. 2.87
is satisfied over the whole range of observation angles 6; € [0°,90°]. Hence, the backscattering
coefficient, 0° Normalized Radar Cross Section, in m?/m? or dB, can be considered only in
surface plane as for an area backscattering case [13]. Nevertheless, having regard to a small
deformation of a flat surface fpyms = A rms (see Section 2.1), 0¥ (09, or 02,) can be calculated
with semi-empirical model [189,190], which is considered to be applicable to a wider range of
surface roughness [12]. Fig. 2.18 shows general behaviour of ¢V as a function of incident angle
6;, and for Ao (Radar2), A3 (Radar3) and A4 (Radar4), for two different values of hy,s (i.€.,
oy, and hn,rms) and two polarization. Vertical lines represent the range of observation angles
of considered radar units (as in Fig. 2.14). In general, the ¢° is polarization sensitive, the
o), (solid lines)> o}, (dashed lines) for given A, 0; and h,s. Further, o° (both o, and o},)
are stronger for higher value of ftpps (hnrms (marked as 7) > o, (marked as 0)). The o0 de-
pends also on A. For constant h,,,s, decreasing A induces a higher ratio between h,.,s and A,
and more energy is backscattered from the rough surface. Finally, ¢° decreases as 6; increases.
Thus, lower frequencies and higher incident angles provide lower level of backscattered en-
ergy. Comparison of the results obtained for different soil structures show that there is no
significant difference in 0%, the same as in surface reflection and transmission cocfficient.
This is explained by the modelling of [189,190] ¢!, that is proportional to the average of
the horizontally and vertically polarized Fresnel reflectivities (i.e., I}(0) = |RLF(9)> and
r,(0) = |R£f}” (0)|?, Fig. 2.14). And o), is found based on the co-polarized coefficient. There-
fore, while the dielectric properties of the soil upper layer may slightly vary over the considered
soils structures (see Fig. 2.10, as well as in real scenario), the inner propagation phenomenon
(refraction at interfaces and attenuation inside soil horizons or layers) substantially impact
on the backscattered signal from buried objects. Furthermore, 0¥ is very important for InSAR
simulation [21] in order to provide correlation between two raw SAR images representing the
same arca obscrved under slightly different angles.

2.3.5 Model of Backscattered Signal

Foremost, theoretically, in a rich scattering medium, the target response of a point scat-
terer consists of a direct amplitude-scaled and time-delay echo and multipath echoes from
surrounding scatterers. On the other hand, the target response in an AGPR consists of a
strong backscattered echo made up of the surface reflection and the cumulative echo from
soil structure. The dominant reflection echo comes from the boundary between the radar half-
space and target half-space (i.e., soil inhomogeneous structure, see Fig. 2.13). Furthermore,
the cumulative echo from the soil structure contains direct amplitude-scaled, time-delayed
and distorted echo from point scatterers, and superposition of every indirect multipath re-
flections from the point scatterers and an infinite number of multipath reflections from soil
inhomogeneities (surrounding scatterers). Hence, target response s,(t) is generally expressed
as [124]

sp(t) = oese(t —714) + i hi(t)xsi(t — g — ;) , (2.88)

. =1
surface reflection

internal multireflections
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where o, is surface reflection coefficient proportional to the surface clutter area A, i.e.,
0. = A0V, s4(t) is transmitted radar signal, 74 is the two-way time delay between radar and
surface, h;(t) is impulse response of it" propagation path inside the soil, ¢; is propagation time
of i"" path and * denotes time convolution. Even a slight difference of EM properties (e.g. €rn,
see Fig. 2.9) between two consecutive layers (I,,,[,,41) causes energy reflection proportionally
to the reflection coefficient (Eq. 2.65, Eq. 2.67). Permittivity €, affects the propagation time
through the layer [,, thus in conscquence, the change of €., affccts the propagation time
t; of 5" path. Considering the downwards and upwards propagation of the UWB pulse only
through a small number of dispersive layers L in the structure presented in Figure 2.13, where
L < N, with N, of considered layers (see Section 2.1.1), the distortion of backscattered pulse
becomes non-negligible. In addition, L decreases when the bandwidth of transmitted pulse
increases. Hence, for the UWB systems the pulse distortion occurs already in the first lay-
ers, at a shallow depths. It cannot be ignored in the simulations for strongly inhomogeneous
structures with thin layers. However, taking into account the high attenuation in each layer
(see Fig. 2.15), the multiple specular reflection can be omitted in the simulation. Therefore,
based on the ray-tracing method and model presented in Fig. 2.13, the Eq. 2.88 can be sim-
plified only with time-delayed surface reflection and direct backscattered, amplitude-scaled,
time-delay and distorted echo from point scatterers buried in the soil at a specified depth, as
follows

5r(t) = Rap s¢(t — 7a) + Top Ruo st — 14 — ta) (2.89)

surface reflection backscattered echo
from point target

where Ea,o = A.0Y, Tg}n, En,o is the generalized surface reflection coefficient, generalized
downward transmission coefficient from surface to target and generalized upward reflection co-
efficient from target to surface, respectively, and t4 is time delay over propagation path in soil
from refraction point at surface (Xrsgr, Yrsg, 0) to target location in soil (Xrsr, Yrsr, 24)
(as depicted in Fig. 2.13, where Yrsgp = Yrsr = 0). Furthermore, introducing the generalized
target reflection coefficient as oy = To,nf{n,o and receiver thermal noise n(t), Eq. 2.89 become

5.(1) = AcoVsy(t — 1q) + 0¢ si(t — Ty —tg) + n(t) (2.90)
surface reflection backscattered echo receiver
from point target 1noise

where n(t) represent the additive zero mean noise with variance (power) Py = 03, = kgT By,
kp is the Boltzmann constant, T' K = 273.15 + T °C is absolute temperature and By is
receiver bandwidth (for T¢ see Section 2.1.3). The two first terms in Eq. 2.90 can be consid-
ered individually without losing the accuracy of the backscattered signal envelope analysis.
Moreover, o. depends on dielectric properties of upper soil layer (via ¢°) and clutter area
A, while g+ depends on the effective length of the two-way propagation path in soil struc-
ture (i.e., through dielectric properties of consecutive layers from soil surface to target depth,
the assumed height of layers and incident angle on the soil surface). The clutter area A.
represents an area in the footprint (Fig. 2.12(a)) from which distributed radar returns inter-
fere with signal backscattered from (buried) target, i.e., the phases of individual interference
(facets) are random and have uniform distribution (in [0, 27]) and their amplitudes exhibit
a Rayleigh distribution. The size of A, in azimuth direction, i.e., A.q, equals to Acq = AFr,
(Eq. 2.49), where its size in ground direction, i.e., A.., should be discussed according to
two cases, depending on the relation between the projection of the elevation beam-width on
the ground, Ap. (Eq. 2.49), and the stretch of the transmitted pulse on the ground surface,
AR, (Eq. 2.51). If Ap.>AR,, then the clutter area A, is said to be pulse limited in ground
direction, and A, < Ap, otherwise, is said to be beam limited, and then A, = Ar. Comparing
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Eq. 2.49 and Eq. 2.51

R0y cT
= 2.91
sinyy  2cosy (2.91)
the limit can be defined as follow [13]
[ beam limited, A. = Ap | T% tanty 2 0 | Ac < Ap , pulse limited | (2.92)

which expresses a relation between pulse duration 7, slant range to the centre of illuminated
area R, grazing angle 1, and 3dB elevation beam-width 6,; [13]. Both cases assume that the
clutter is recorded only by the main lobe of the antenna, clutter observed through the side-
lose of the antenna radiation pattern is omitted. Such an assumption is correct for airborne-
mounted radar operating in side-looking configuration at significant altitudes H,, which are
far higher than antenna height in ground-based air surveillance or tracking radars, where side-
lobes clutter cannot be ignored. Furthermore, in calculation, instead of simple multiplication
of the 0 by A, (Eq. 2.90), the A, can be decomposed into a finite number of small areas A
(facets, of size in azimuth proportional to the lower limit of the theoretical Stripmap SAR
azimuth resolution) cach of statistically fluctuating o, that contribute in complex way to
the backscattered returns and lead to the speckle effect.

2.4 Backscattered Pulse Simulation and Analysis

Assume the linearly polarized (TE or TM) plane wave as the LFM [2,13] pulse
s(1) = wy(t) - Eo(t) = wy(t) - [ Ag(t) @mfot + mast®) gikezo—ikezo=ioo | -t c[0,7] (2.93)

where Ag is the amplitude of radar pulse, fy is the initial frequency, ¢ is the initial phase,
ay= £By/7 is the LFM slope, 7 is time duration of radar pulse and ¢ is time. The w; is time-
window function used to symmetrically smooth the radar pulse at its ends. In order to ensure
as realistic shape of the radar signal as possible, the Tukey window (tapered cosine window)
[191] can be used with the tapers parameter r € [0,1]. For r = 0, w; becomes rectangular
window, and for 7 = 1 it becomes a Hanning window. Table 2.3 presents the radar pulse
(LFM chirp) parameters of three considered radar systems. Since f. and By are known (see
Tab. 1.1 for references), the 7 = 1.00 ps and Py = 1 kW (the RAMSES has Py = 8 kW
[71]) have been assumed arbitrary and identical for all radars, where P is the peak power of
radar signal. While Tab. 2.3 only presents radar pulse parameters, H,= 4000 m and 0;,= 40°
for all radars, and tapers parameter r = 0.0 (rectangular window). Moreover, the PRF and
fs sampling frequency are assumed to be high enough to accurately perform simulation and
further processing. Theoretical slant range resolution in free space equals AR, and is By7
times more finer than that resulting from a 7 time duration. The Py is the noise power
proportional to 0% . Figure 2.19(a) shows the LFM waveform, with positive slope af (up-
chirp), By product and Py amplitude. The arrows indicate the electric field oscillations.
The spectra of LFM pulses created based on the radar parameters (Tab. 2.2) are shown in
Fig. 2.19(b).

Although the complete consideration about airborne subsurface imaging along L.
at different carrier frequencies and bands, over various soil structure is addressed later,
here, the defocusing problems, i.e., irregular attenuation, pulse distortion, envelope mod-
ulation and energy misplacement, are presented in regard to one individual probing over
a identical soil structure (i.e., HU 360084). The AGPR simulations have been carried
out taking into account the entire propagation path (radar - air - subsurface struc-
ture - air - radar) resulting from mission geometry, radar parameters and calculated EM
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Table 2.3 Radar pulse parameters used in simulation

Radar fe By T ay Byt Py AR Pn

Unit | [MHz] | [MHz] | [ps] | [MHZ[ps™] | [=] | kW] | [m] | [dB]

Radar2 360 30 1.00 30.00 30.00 | 1.0 | 4.995 | -123.14

Radar3 435 70 1.00 70.00 70.00 1.0 2.141 | -119.46

Radar4 | 1200 75 1.00 75.00 75.00 1.0 1.998 | -119.16
o | B tapered cosine window, 7 = 0.0 I I
:‘é It Pyw, ./ “\ A1 1N 7]
TSI
g WHNM Al AN (AL
MF I W T

0 TI/2 |77

(a) Typical LFM waveform with By7. The amplitude is Py, and the time-weighting function wy is cousins
tapered window, r = 0.0 (rectangular window).

L e e s e s e e e e e e e e e s B B
Radar2, f = 360 [MHz], B = 30 [VHz]

- Radars, f, = 435 [MHz], B =70 [MHz] |
Radar4, f_= 1200 [MHz], B = 75 [MHz]

Spectrum

T SUUN RN .. SRS NGO N [ Y [ Y S O o I O S e o [ A N s o I I I |

0.3 0.4 05 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3
Frequency [GHz| (Frequency Range of Peplinski et al. model)

(b) Spectrum of three Airborne SAR systems (see Tab. 2.2) and its positions in the frequency range of
applicability of Peplinski et al. model.

Figure 2.19 EM waveform used in simulation: (a) LFM pulse in time domain, (b) spectrum of three
different LFM pulses created based on SAR systems parameters.

properties of soil structure. The amplitude levels of radar pulse at soil surface are de-
termined from radar range equation [2, 192], assuming zero internal radar losses. Five
isotropic point scatterers have been considered at different d,, depth, i.e., di = 0.10 m,
ds = 0.50 m, d3 = 1.00 m, dy = 1.75 m and ds = 2.50 m. The coordinates of point scatterers,
ie. (z,y, 2) m, are (zrsr.1, Yyrse,i, di) m, (zrse.2, yrsr2, d2) m, (zrsL.3, Yrsr,3, d3) m,
(-TTSLA; YTSL.4 d4) m and (JjTSL’g,, YTSL,5s d5) m respectively. The zpgr is target surface
location (TSL) in ground direction (see Fig. 2.13), and for assumed geometry parameters

TTSL1 =" = TTSL5 = Hp tan 01 ~ 33564 m (2.94)
and yrgr target surface location in azimuth direction

Yrsr1 =+ = Yrsrs = const = yrsr.cpra (2.95)

where yrgr,cpa express a position along Lg, at which the slant distance between radar
platform and buried point is the smallest, so called the closest point of approach. The point
scatterers lie in one vertical line, beneath one each other at different depths. According to
Snell’s law and propagation path from radar to surface and between consecutive layers, for
each target the surface refraction point xrgr (see Fig. 2.13, the TSR abbreviates target sur-
face refraction) is different. In general, as results from Snell’s law, to reach a point at d,, depth
below refraction interface, the wave for which relative refractive index nj is smaller should
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enter into the soil earlier than the wave for each relative refractive index nso is higher. Thus,
since ny < ng, the r7gr 1 < xrsr,2. While wave enters at oblique incidence earlier into soil,
it spends less time in air, oppositely to wave which enter later. The wave travel time in soil
strongly depends on its v, propagation velocity inside soil (i.e., on &, , relative permittivity
in consecutive layers) and propagation angle. Thus, total two-way delay time is the sum of
total air-propagation and soil-propagation time. In strongly inhomogeneous medium, these
rclationships arc also satisfied and they results in very curved propagation path and rapid
phase changes, which are highly dependent on the incident angle 6; at soil surface and rela-
tive refractive index n,, 1 between successive thin homogeneous region (many inward and
outward refraction).

The Fig. 2.20 shows the normalized envelopes of backscattered signals. As can be seen,
pulse distortion depends on centre (carrier) frequency f., bandwidth By and polarization
as well. The irregular modulation of envelope occurs along the backscattered signal dura-
tion, and it increase when signal bandwidth increases. When the signal bandwidth is wider,
the irregularities of envelope (its oscillations) are stronger. However, when the bandwidth
of the Radar3 is slightly narrower than Radar4, the cnvelope of Radard backscattered sig-
nals are much more deformed (see Fig. 2.8(c) and compare the relative change of imaginary
part of the CREP in operating bandwidth of these radars). Hence, the envelope modulation
increases when the wider bandwidth are centralized around lower carrier frequency. In ad-
dition, attenuation increases with carrier frequency. Tab. 2.4 presents the average level of
backscattered energy in relation to its average level at soil surface. While attenuation in a
free spaces is similar due to slightly different slant range to z7gr 4, the two-way attenuation
in soil increases with the target depth with irregular increasing. This variability results from
the changes of global impedance of the wave-guide that occurs between the ground surface
and the buried scatterers. Furthermore, the T effective time duration of backscattered pulse
(its envelope) is slightly different than the initial pulse (see Tab. 2.4 and in Fig. 2.20 the end
of the envelope exceeds initial pulse duration). In general, the backscattered pulse is longer
than initial radar pulse (up-chirp LFM pulse), and elongation increases non-linearly for the
deeper targets. However, similarly to the envelope modulation, the relative elongation of the
pulse is longer for the wider bandwidths centralized around lower carrier frequencies. The T'p
is slightly varying between polarization, but the differences are less than sampling frequency.
An analysis of Tab. 2.4 in comparison to Fig. 2.18 shows that for some buried objects the
level of the backscattered envelope can be higher than the ¢ surface backscattered coefficient
(in particular for smooth surface case), even if 0% will be multiply by the nominal area of
radar resolution cell. The corresponding normalized outputs of matched filter are shown in
Fig. 2.21. Depending on the distortion level of the backscattered signal, the main lobe of
the matched filtering output is wider, due to the mismatch between backscattered pulse and
replica of transmitted signal. Additionally, the maximum of output is shifted proportionally
to the changes of the effective time duration of backscattered pulse. Since for the shallowest
scatterer, the output of the matched filtering beyond a slight shift is almost unaffected, the
outputs for deeper scatterers are enriched with irregular side lobes. Moreover, for the deeper
buried objects, the ghost target appears, with a fairly high level, and they are stronger for
TM polarization.

2.5 Chapter Summary

This chapters shows the main and crucial issues, related to the EM wave propagation in
highly inhomogeneous, dispersive and lossy medium, as the soil subsurface layers. Since the
imaging geometry is assumed the same as for conventional SAR imaging, the considerations
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Table 2.4 The average level of the envelope of backscattered pulse for three different radar and six
buried targets.
T; Radar2. Py = —123[dB] Radar3, Py = —119[dB] Radar4, Py = —119[dB]

zm|m| | Py[dB] | Pv[dB] | Tous|* | PuldB] | Pv|aB] | Tolps)* | PxldB] | Pv[dB] | Tolus]”
0.102 -22.88 -19.79 1.0002 -22.40 -22.73 1.0004 -23.28 -25.51 1.0002
0.503 -28.82 -30.70 1.0010 -29.56 -31.43 1.0020 -35.10 -36.67 1.0008
1.007 -26.90 -35.15 1.0021 -27.26 -34.30 1.0041 -32.50 -44.91 1.0016
1.756 -46.63 -47.27 1.0037 -47.33 -51.49 1.0072 -50.08 -59.22 1.0028
2.504 -51.58 -59.07 1.0053 -52.13 -60.44 1.0103 -49.36 -59.19 1.0040

*Diffrence between the Thp g [ps] and Tp v [ps] are smaller than the sampling period
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Figure 2.20 The envelope of backscattered pulse for various SAR systems for incident angle of
6;,= 40° and horizontal polarization (left) and vertical polarization (right): Radar2 (top), Radar3
(middle) and Radar4 (bottom).

arc focused at the EM naturc of subsurface soil layers and their impact on the radar pulse
propagating inside the soil.

When the mathematical expressions defining the attenuation coefficient « (Eq. 2.82)

and the phase coefficient § (Eq. 2.83) are known, the quantities as e/, €/ and o, are
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Figure 2.21 Normalized output of matched filtering for various SAR systems for incident angle
of 6;= 40° and horizontal polarization (left) and vertical polarization (right): Radar2 (top), Radar3
(middle) and Radar4 (bottom).

highly related to geological structure of the soil and moisture profile as well as frequency
(Eq. 2.32, 2.40, 2.41). Hence, the geologically- and hydrologically-motivated approach for es-
timation of its value seems to be the correct procedure, in particular, when the soil cannot
be assumed as a totally arid or semi-arid area. Therefore, the real geological databases are a
valuable source of information about the soil textural composition in the depth dimension.
Moreover, about the soil distribution over similar areas (i.e., parcels). In particular, such
information is a key parameter in the planning of the AGPR mission over a vast area. Al-
though the problem of moisture profile estimation is outside the scope of this dissertation, a
simple numerical calculation shows that moisture profile is strongly dependent on soil type
(its hydrological parameters) and its distribution in soil horizons, in particular, in depth
dimension.

Furthermore, because of the dispersion, frequency-dependent attenuation and strongly
curved propagation path (inward and outward refraction) through soil inhomogeneities, the
backscattered signal is distorted. Irregular and frequency-dependent attenuation disfigure the
envelope of backscattered pulse. Moreover, the dispersion deform its instantaneous frequency
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and changes the effective duration time of the pulse. Thus, both effects in consequences, lead
to energy dissipation and pulse distortion strongly affecting the output of the matched filtering
and significantly degrading the spatial (range/depth) resolution. Envelope modulation of the
backscattered signal leads to the ghost targets, which introduce ambiguity in the evaluation of
the scatterer depth (location). Besides, depending on the EM properties and presumed height
of consecutive layers, the length of the propagation path (and thus the two-way time delay)
of the pulse through the soil structure depends on the incident angle at the soil surface. The
correct assessment of the true target location is a major problem, in particular, for subsurface
imaging at oblique incidence, where the relative depth misplacement can be relatively high
compared to the true target location. Due to oblique incidence, the target misplacement
occurs both in depth dimension as well in ground plane.

Finally, for backscattered pulse envelope, both effects of dispersion and frequency-
dependent attenuation demonstrate the cumulative-in-time manner. Targets are affected
twice in downward and upward propagation through soil layers, hence, the longer a sig-
nal travels in the medium (to deeper targets), the more it is distorted from the original pulse,
whosc replica is used in matched filtering aimed at maximization of the Signal-to-Noisc Ratio

(SNR).



CHAPTER

TIME-REVERSAL
TECHNIQUE FOR
SUBSURFACE
IMAGING

This chapter validates the Time-Reversal (TR) hypothesis in inhomogeneous, dispersive
and lossy medium. After a short introduction to the Time-Reversal technique for EM waves,
the differences and limitations are presented. The dispersion and loss effects are described
through an analysis of the spectrum of backscattered pulses at different carrier frequencies.
Then, the TR-based focusing algorithm is described along the hypothesis of its application.
A TR measurements scheme is proposed for the airborne system using for subsurface imaging
in monostatic pulse-echo configuration. Differences, potential development and expectations
regarding to the proposed method of measurement are discussed. The proposed acquisition
methods has been verified over one soil structure from developed in Chapter 2. Laler, de-
veloped algorithm is numerically validated for siz buried point-like targets freely distributed
in the soil structure. Finally, the refocusing phenomenon is presented for all considered soil
structure with the same location of the objects and for different radar parameters.
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3.1 Time-Reversal Concept

The Time-Reversal (TR) [88,90,92,95-99] technique utilizes the multipath propagations in a
highly scattering medium to achieve supperresolution and to enhance detection performances.
Supperresolution in the sense of resolution which is better than the classical diffraction limit
(i.c., Rayleigh limit) [91]. In frequency domain, TR is equivalent to phase conjugation. How-
ever, phase conjugation applies to monochromatic waves whereas TR operates on pulsed
broadband signals [97-99] in time domain. Hence, by acting in the time domain TR can op-
erate at UWB, simultaneously providing the deeper penetration and the higher resolution in
to lossy media [103] (for example, wide bandwidth centralized around low carrier frequencies).
This refocusing concept exploits the reversibility (in other words, reciprocity) of the propa-
gation medium, which means that a field and its time symmetric form can both propagate in
this medium. The time domain Maxwell’s equations in lossless and stationary media can be
written, with taking into account the constitutive relations, where B(7,t) = w(¥)H(7,t) and
(7“, t) - 6( )E(T, t)v

V x E(r,t) = —%N(F)H(ﬁ t) (3.1)
V x H(F 1) = gts(F)E(f, t) (3.2)

where E is clectric ficld intensity (volts/meter), H is magnetic ficld intensity (amperes/me-
ter), D is electric flux density (coulombs/square meter) and B is magnetic flux density
(webers/square meter). Moreover, £(7) is permittivity, u(r) is permeability, ¢ is time and
7 = & + Jy + 22 is the spatial coordinate. Solving this system of equations in terms of F
electric field leads to the wave equation

2
V2E(F,t) — u(f)e(?)%E(F,t) =0 (3.3)

The invariance of wave equation under TR stands that for Eq. 3.3 the time-reversed (time-
symmetric) version of vector electric field E(7, 1), i.e., E(F, —t) = T[E(7,1)], is also a solution
of this equation, for time-invariant () permittivity and p(7) permeability. Taking into ac-
count the intrinsic definition of four vectorial fields describing the EM waves, the TR operator
T1 ] [96] transforms these fields as follows:

(3.4)

As results from the reciprocity theorem, the time-reversed fields E(7, —t), D(7, —t), —H (7, —t)
and —B(r, —t) are solution of the same set of Maxwell’s equations as E(r,t), D(7,t), H(7,t)
and B(F, t). Furthermore, reversibility implies that a pair of fields { E(7, t), E(r, —t)} {D(r, t)

D(7,—t)}, {(H(F,t), —H(7,—t)} and {(B(7,t), —B(¥, —t)} can both propagate in medium
characterized by £(r) permittivity and u(r) permeability. The propagation of time-reversed
electric field E(7, —t) corresponds to watching the initial propagation of original electric
field E(r,t) in backwards mode, i.e., for backwards time. That means, that for wave prop-
agating away from the source located at 7y to transceiver located at 7;, via linking them
propagation path h,, ., (t), exists a wave which, during its propagation from 7;, can precisely
retrace the initial propagation path and reach the source location at 3. From reciprocity
results hy, o (t) = hpr(t). In other words, re-transmission of initially acquired signal in
time-reversed mode by transceiver mapped the LIFO (Last-In, First-Out) memory. By re-
tracing the propagation path the energy of initially transmitted wave converge around initial
source location rg.
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Reciprocity features of the medium is used in TR measurements. Regardless of the rel-
ative position of the source and Time-Reversal Array (TRA) and its aperture size, the TR
measurement scheme can be literally considered as the three steps linked to each other. These
steps are: Forward Propagation, TR Operation and Backward Propagation. The first (Forward
Propagation) and third (Backward Propagation) steps involve the independent transmission
of EM wave through “reversible” medium and its registration. However, in Backward Propa-
gation the initial reccivers located in TRA aperture change its role and become a transmitters
of new probing pulse. The second (TR Operation) step involves distinctive conversion of the
initially recorded signal, and transforms it into a new probing signal. Sometimes, this step
is considered as a part of the Backward Propagation - as a preparation of a new probing
signal. These steps and the links between them are described in details in Appendix B for
the measurements configuration consisting of active directional source and TRA with N ele-
ments, and where source and TRA are located on the opposite sides of the investigated area
in time-independent medium homogeneous medium with the set of discrete scatterers (target
and secondary scatterers).

3.1.1 TR Measurements Configurations

Within the last years, several different configurations of mutual co-location between trans-
mitter (single antenna) and transceiver(s) (single antenna or TRA) were used in UWB TR
imaging experiments, either in experimental indoor measurements or numerical considera-
tions. Mostly, the TR experiments have been carried out as indoor measurements for short
range radars and in frequency domain (rarely with pulsed signal) using the Vector Network
Analyzer (VNA) as radar unit (for instance, as in [97,99-102, 110, 111, 120]). Besides the
large number of indoor measurements, UWB TR experiments were performed numerically
by using the FDTD solution of Maxwell’s equations in various media (for instance, as in
[98,104-106, 122,123]). Furthermore, special attention should be given towards the TR mea-
surement schemes which have been successively realized in limited scenario, i.e., in bistatic
mode with two independent antennas (point source and point transceiver) [100] or even in
monostatic mode by single antenna [99, 100, 112, 118]. In all these configurations, TR cx-
periment involves re-transmission of the primary recorded wave with the assumption that
time-reversed signal propagate towards multi-reflection and multi-refraction, as it underwent
in forward transmission, will constructively interfere and focus around the location of the
initial source. Moreover, as results from these experiments, TR focusing can take place at
original source location (active antenna) or at the passive scatterers (illuminated by an active
antenna or secondarily illuminated by surrounding scatterers).

3.1.2 TR Focusing and Effective Aperture

The Rayleigh resolution d. is limited by relation between the wavelength A, the real antenna
aperture Lr and the distance L; between source and target. Hence, the d. equals

dc = OéaiLd ~ GaZLd (35)
Lr

To improve d. at distance Ly, the antenna of longer real aperture or operating at a higher
frequency (shorter wavelength) are required. However, for some radar systems, either in-
creasc operational frequency or antenna aperture is inadvisable duc to design and functional
constraints as well characteristic of medium under investigation. Alternatively, d. can be
improved using Lg synthetic aperture instead of Ly real aperture. While Lg > Lpg, d. signif-
icantly improves. In conventional SAR systems (Fig. 3.1(a)) operating on a direct reflection
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Figure 3.1 Effective aperture length in different media: (a) SAR imaging in homogeneous medium
along Lgar, (b) TRA imaging in homogeneous medium with set of discrete scatterers, (b) single antenna
TR imaging in highly cluttered medium.

and neglect multipaths, the finer d, is obtained by movement of the Lg real aperture along the
synthetic aperture line Lg,, with the platform velocity v,. The length of synthetic aperture
Lg (or effective aperture) correspond to total movement of radar system along Lgg, .

In TR measurements with TRA of finite length L7g (limited number of independent
simultaneous transceivers) (Fig. 3.1(b)), the effective aperture length of TRA elongates as
any component of the wave re-transmitted by TRA converge coherently to refocusing area
centred at initial source location. The effective aperture of TRA can be identified with angular
aperture, i.e., range of angles from which incoming wave components contribute in coherent
refocusing. For a homogeneous medium with small number of discrete scatterers (Fig. 3.1(b)),
the effective aperture is longer than for conventional SAR imaging in homogeneous medium
(Fig. 3.1(a)), although the total length of TRA aperture Lrg is shorter than length of aperture
synthesised by SAR during its movement. In highly inhomogeneous media the propagation
channel can be decomposed into a large number of independent subchannels (multiple paths)
[111]. Increase in the number of wave components reaching the scattering centres through
sets of independent subchannels improves significantly the effective aperture length. While
wave components can coherently converge from a wider range of angles at scatterer location,
the TRA can be reduced to single antenna (Fig. 3.1(c)). Although the use of single antenna,
the effective aperture is longer than for TRA imaging in medium with smaller number of
scatterers in investigated medium (Fig. 3.1(b)). Hence, increase in the number of scatterers
localized around the target under investigation results in better space and time resolution
provided by a larger number of constructive interferences at the original source location.

3.1.3 Clutter Channel Characterization

Presence of clutter (radar returns from secondary scatterers) provides complex propaga-
tion medium where multipath components can arbitrarily propagate and coherently interfere
around the focal point. In the majority of TR experiments the inhomogeneities were identified
with different amount of discrete scatterers randomly distributed in investigated homogeneous
medium (as depicted in Fig. 3.1). These scatterers are gathered around a certain area and
surround the object under investigation (for instance, sce [97, Fig. 2.18], [99, Fig. 3.1] or
[101, Fig. 1]). Moreover, in these measurement configurations the radar operates in the same
homogeneous medium as the objects and secondary scatterers are located. Slightly different
model of clutter channel, used in numerical consideration [122, Fig. 1] [123, Fig. 3], divides
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the space in which radar operates at two half-space, i.e., free-space and material half-space. In
first half-space radar is located, and it illuminates the second half-space. Such a configuration
correspond to well-known GPR system, where radar unit is located in free-space and it illu-
minates object placed inside soil structure through an air-ground interface. However, in these
numerical experiments the soil (material) half-space is considered as homogeneous medium
where only objects and secondary scatterers have different properties than surrounding half-
space. In more complex versions of the TR numerical experiment, the material half-space have
been modelled as continuously random media with pointwise fluctuation in its constitutive
properties [98]. Then, the TR numerical experiments were carried out when TRA was located
inside continuously random medium and also above it. Moreover, in some consideration the
TRA was separated from investigated area contained discrete scatterers by single-layered or
multi-layered plane wall, while both radar and scatterers are located in homogeneous media
[119,120]. The results of all these experiments show that the scatterers density (object and
clutter) and their distribution in investigated area affects the TR performances which also
depend on the operating frequencies and bandwidth of the probing signal.

Different models of rich cluttered medium was developed in Chapter 2 (Scction 2.1.3),
where constitutive properties of the soil structure were approximated based on geologically-
and hydrologically-motivated soil model. The inhomogeneities are represented by piecewise
fluctuations in the height of consecutive, geological non-identical and thin soil layers leading
to piecewise fluctuations of constitutive properties. Moreover, in this model the target can
be considered as an isotropic point scatterer located at the interface between two consecutive
layers and with constitutive parameters as in the lower layer. Since TR experiment in medium
modelled in such a way may look like Through-The-Wall (TTW) imaging, in fact it is more
like a situation where object is located not behind the multi-layer wall, in free space, but inside
the multi-layer wall (see Fig. 2.13) and where in front of (above) and behind (below) it a lot
of layers are present. The maximum considered depth of the soil structure Z,,,; represents
the total thickness of multi-layer wall, and its consccutive geological layers L, € [z, Zn41)
represent the layers forming up the wall. However, while T'T'W imaging process is performed
in very short distances to the investigate area (much shorter than its largest dimension) and
in frequency domain, the subsurface imaging by AGPR over soil surface (volume, in fact) in
TR-based mode is performed at a height much longer than the maximum considered depth
in soil model and at oblique incident angle.

3.1.4 Summary

Within the last year, the Time-Reversal (TR) technique have been included in many remote
sensing method causing an increase in their efficiency (detection and imaging capabilities, as
presented in the Section 1.2), mostly in imaging scenario. Apart from the increased efficiency,
the use of TR technique led to new application and measurecment methods, cven in scenar-
ios which were previously considered as unsuitable and potentially unsuccessful for remote
sensing imaging.

The experimentally confirmed advantages of TR technique, derived from physical re-
transmission of initially recorded signals, has led to a rapid increase of TR application in
many fields (as thoroughly surveyed in [103]). However, application of TR technique for air-
borne subsurface imaging requires intensified efforts in signal processing algorithm and nec-
essary modifications of imaging methods. Given that the SAR missions are very costly and,
for TR imaging, can require proper preparation of mission plan and modification on radar
resources, the dissertation is focused on the numerical considerations on the envelope of the
pulse backscattered by a theoretical point scatterer in TR imaging from airborne platform
over realistic models of subsurface soil structure.
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Figure 3.2 The geometry of TR-AGPR mission over non-arid area (IT 390925): the incident plane
and intersection of soil structure.

3.2 Time-Reversal Technique for Imaging of Buried Target

Up to day, the problem of TR-based SAR imaging of buried structures located in non-arid
areas from airborne platform has not been addressed either in experimental measurements
or numerically. So far, however, the SAR imaging process of buried targets from airborne
platforms has been performed experimentally over arid areas [63-70,72-75] or was considered
numerically [46,78-84]; the TR-based Spotlight SAR imaging process [116] was applied for
change detection at the soil surface [118] and GPR imaging process has been extended by
TR procedure [122,123]. Therefore, when the SAR technique is well known and widely used
in airborne or space-borne mission, its extension by the TR technique for subsurface imaging
is a new approach that requires special efforts in processing of the backscattered signals
as well as in radar system modelling and designing. The signal acquisition is fraught with
challenges and requires appropriate selection of radar parameters to avoid additional costs and
unplanned repetition of the Time-Reversal Airborne Ground Penetrating Radar (TR-AGPR)
mission [124]. The numerical considerations require relevant models of soil (as modelled in
Section 2.1) and EM wave propagation inside its subsurface structure.

Let us consider the situation where the TR-AGPR operates in the low frequency (P- or
L-band) and performs the strip-map SAR mission (monostatic mode, SLAR configuration)
over bare surface of vast and non-arid soil volume (as in Fig. 2.11) along synthetic aperture
line Lsq,. The mission is performed at the H), height with the v, platform velocity. The look
angle is 6;, and 6,, and 6., are antenna 3dB beam-width in azimuth and elevation, respec-
tively. Fig. 3.2 shows the incident plane and relevant geometry. The near, centre and far slant
range to soil surface is Ry, Rs and Ry, respectively. The soil is assumed as non-arid in
investigate area, and the moisture profile is a function of depth (as shown in Section 2.1.2).
The 0; may vary in the range of [25° 55°|, and the 6,. € [10°,40°] and 6,; € [10°,40°]. During
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Table 3.1 Time-Reversal Airborne Ground Penetrating Radar parameters of radar LFM pulse (up-
or down-chirp, and in HH or VV polarization).

Radar fe By T af Byt B AR
Unit (GHz| | [MHz| | [ps] | [MHz|[ps™Y] | [—] | kW] | [m]
Radar P1 | 0.400 100 1.25 80.00 125.00 | 1.0 | 1.499
Radar P2 | 0.400 150 | 1.25 120.00 187.50 | 1.0 | 0.999
Radar P3 | 0.400 200 | 1.25 160.00 250.00 | 1.0 | 0.749
Radar L1 | 1.200 100 1.25 80.00 125.00 | 1.0 | 1.499
Radar L2 | 1.200 150 1.25 120.00 187.50 | 1.0 | 0.999
Radar L3 | 1.200 200 1.25 160.00 250.00 | 1.0 | 0.749

Operational bandwidths of the TR-AGPR (up or down-chlrp, and HH, VV polarization)
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Figure 3.3 Operational frequency range of TR-AGPR,

an acquisition over soil area, the TR-AGPR sends the LEM pulse (about Bf7 product, either
up- or down-chirp and in two possible polarization: HH or VV) and records the backscattered
signal consisting of a signal reflected from soil surface (as conventional SAR) and a weak echo
from soil structure (see Section 2.3.5, Eq. 2.90). The operational parameters of TR-AGPR are
presented in Tab. 3.1 and Fig. 3.3 shows the operational bandwidths of TR-AGPR, located
around two assumed carrier frequencies, i.e., fo = 400 MHz and f. = 1200 MHz. The recon-
figurable bandwidths of TR-AGPR are 100 MHz, 150 MHz and 200 MHz, which correspond
to slant resolution of 1.5 m, 1.0 m and 0.75 m, respectively. Narrower bands are not taken
into account becausc of low slant resolution, too coarsc for subsurface imaging, while wider
are not taken into consideration because for assumed carrier frequency the wider bandwidth
leads to an overflow of considered frequency range (below 0.3 GHz or over 1.3 GHz). For such
a radar resources variability, soil imaging can be performed with differentiated accuracy and
under various conditions.

3.2.1 Soil Effect

The reciprocity theorem is broken in the soil due to its lossy and dispersive nature. A non-
zero value of the conductivity o(7) and dependence of medium permittivity on frequency,

e(r,t) = F~le(r, f)], where F~1[] is the inverse Fourier transform, leads to the wave equation
[98]
9 = 0? 0 -
2 f(m - N T
VZE(F1) = p(F) 55 (e(F. OB, 1)) = u(F)o (7)o E(F. ) = 0 (3.6)
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Comparison of Eq. 3.6 and Eq. 3.3 shows the presence of the additional term with first
derivation of the E(r,t). Thus, the conventional TR operator cannot be directly applied
into a lossy media. In addition, the attenuation in dispersive media, affecting each frequency
component of E(F, t), depends on the medium properties. Let us describe the influence of
dispersion and irregular (frequency-dependent) attenuations on the common radar LFM pulse
which propagates in subsurface soil structure. For the sake of simplicity, in analysis the
number of considered point scatterers (targets) is reduced to two, i.c., T1 and T,. The location
of theoretical point scatterers is assumed as in Section 2.3.5, they lie in one vertical line,
beneath each other at different depths, where dy < ds.

Having regard to the wide variability of radar parameters, the effects of frequency-
dependent attenuation and dispersion are shown separately. Taking into account the nature
of Complex Relative Effective Permittivity (CREP) (Fig. 2.8), the frequency-dependent at-
tenuation is discussed for Radar L (for By, Bs and Bs, in VV polarization), where relative
change of CREP is small and attenuation at its carrier frequency is higher than for Radar P.
Later, conversely, the dispersion is discussed for Radar P (for By, By and Bs, in HH polariza-
tion), where relative change of CREP is significant and attcnuation at its carrier frequency
is lower than for Radar L. When target imaging is performed at radio frequency, the analysis
of these effects is presented on normalized envelope and spectrum of backscattered signals
down-converted to baseband. Moreover, when these effects are analysed separately, in both
case the refraction (inward and outward) and transmission losses at interfaces between layers
are taken into account.

Frequency-Dependent Attenuation (in ideal non-dispersive medium)

Let assume the CREP (defined in previous chapter, Eq. 2.42) in non-dispersive form

er(2f) = k(2 fo) = [e;«'(z, N+ ;fi})] (3.7)

where €/.(z, fc), and o4.(2) depend only on depth and frequency-dependent attenuation is
expressed through €/ (z, f) and f term in imaginary part of Eq. 3.7. Moreover, ¢/ (z, f.) in
considered radar bandwidth equals to values at carrier frequency. Hence, all frequency compo-
nent of LEM pulse have the same phase velocity and both polarization and conductivity loss
are taken into account. The frequency-dependent attenuation separately affects the amplitude
of each frequency component of the LEM pulse. Depending on the attenuation properties of
the medium (i.c. uniform or non-uniform attenuation), the amplitude of LEM characteristic
spectra can change to any other shape. Fig. 3.4 shows a normalized envelope and normalized
spectra of backscattered LEM pulse (both up- and down-chirp) irregularly attenuated in soil
structure, for two point scatterers located at different depths. The pulse duration is assumed
as 7 = 1.25 ps, whereas the signal bandwidth increases, as shown in Tab. 3.1. While the man-
ner of frequency-dependent attenuation cannot be directly distinguished in time domain (left
column) without knowing the frequency slope o of radar pulse. Therefore, the attenuation
characteristic in the frequency domain can be obtained based on comparison between the ini-
tial spectrum and the attenuated signal spectrum. Comparing the normalized spectrum, it is
clearly seen that a reduction of the signal bandwidth minimize the useful information about
the selective nature of investigated medium. Operating in narrow bands (Fig. 3.4(a)-(b))
may mistakenly lead to assumptions of uniform (frequency independent), lincarly changing
(increasing or decreasing) or piecewise nature of attenuation. After increasing the operating
bandwidth (Fig. 3.4(c)-(d), Fig. 3.4(e)-(f)), it appears that the attenuation oscillates and acts
very selectively on the propagating pulse. However, despite the fact that irregular attenua-
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Figure 3.4 LFM pulse of Radar L (up- and down-chirp) irregularly attenuated in non-dispersive
medium for three different bandwidth and frequency slope.

tion strongly degrades the output of matched filtering (see Fig. 2.20) due to the mismatch
between replica of transmitted signal and received echoes, the irregularly attenuated spec-
trum of backscattered signal reveals important information about the selective nature of the
investigated area. While do > di, for By = 100 MHz, the lower frequencies are attenuated rel-
atively less than higher frequencies for T and conversely for T;. However, for By = 150 NHz
and B3y = 200 MHz, in lower part of this bands the lower frequency are attenuated relatively
stronger for deeper target T than shallower T3, and in the upper part additional oscillations
occurs. Therefore, the attenuation characteristic of material medium should be acquired (or
known) in a wide range of frequency and much below the presumed maximum depth of
imaging. This information can be re-used in future investigations, for instance, in selective



70 CHAPTER 3. TIME-REVERSAL TECHNIQUE FOR SUBSURFACE IMAGING

amplification of selected frequency component through bandwidth of probing signal. Never-
theless, a priori knowledge of attenuation properties (for instance, based on the physical soil
model, as shown in Section 2.1.3) can be used to selectively amplify the attenuated frequency
components in order to reach the desired shape of backscattered pulses envelope.

Dispersion (in ideal uniformly attenuated medium)

Let modified the CREP (defined previous by Eq. 3.7) to constant attenuation form

e =erlen) - |+ g = - o il e

lossless medium

where £”(z, f;) in assumed radar bandwidth equals to values at carrier frequency, and f.
term is assumed in imaginary part of Eq. 3.8, hence, both losses are taken into account but
as constant over the considered frequency band. In ideal lossless medium &/ (z, f.) = 0 and
o4.(z) = 0. Dispersive characteristic of the medium reveals within €).(z, f). In a dispersive
medium, each wave component has a different phase velocity, decrease as the square root
of €/.(z, f) in comparison to the ¢ speed of light in vacuum. Depending on the dispersion
characteristic of the medium and frequency slope o of transmitted LEM pulse, the duration
of backscattered signal can either increase or decrease. Thus, the LFM pulse (whether up-
or down-chirp) travelling through the dispersive medium does not maintain a constant time-
frequency form (By7, as defined at the time of its generation). Fig. 3.5 shows the real part and
normalized spectrum of two backscattered LEM pulses (up- and down-chirp) dispersed in soil
structure (for Radar P with By, By and Bs). For the modelled CREP (see Fig. 2.6-Fig. 2.9),
when the higher frequency components travel slower than those of lower frequency, then the
duration time of up-chirp increases (Fig. 3.5(a)-(c)-(e)) while for down-chirp it decreases
(Fig. 3.5(b)-(d)-(f)). For up-chirp shorter wavelengths lagging behind longer, and for down-
chirp longer wavelength catching up shorter. While dispersive effect cumulates in time, and
affects LFM pulse during downward and upward propagation, the change of backscattered
signal duration (increase or decrease) is greater for deeper objects, da > d;. In the modelled
structure, for the same Byr and opposite ay, compression of the inner frequency structure
of the pulse is slightly stronger for down-chirp (ay < 0) than its extension for up-chirp
(ay > 0) (clearly visible in the lower limit of the pulse band). The dispersion effects, in
addition to changing the inner time-frequency structure of signal, leads to the periodically
oscillations of LFM spectrum (Fig. 3.5(g)-(h)-(i)), which enhance around low frequencies
with increasing signal bandwidth. Similarly, as for frequency-dependent attenuation in non-
dispersive medium, extension of the signal bandwidth reveals influence of dispersion in wider
range than analysis of narrower signals. These changes are also proportional to the operational
frequency of the radar system, as well the sampling frequency affects the possibility of its
registration. While in the considered frequency range, the variation of CREP decreases with
increasing frequency (for both parts), for the same operational bandwidth By located at
opposite ends of frequency range defined by Peplinski et al. model, the inner time-frequency
form of received backscattered pulse is less deformed for higher carrier frequency (smaller
variations of phase velocity over constant bandwidth).

3.2.2 TR technique for soil structure

In soil structure, besides the inward or outward refraction at interfaces between layers,
frequency-dependent attenuation and dispersion occur simultaneously, so they should be
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Figure 3.5 LFM pulse of Radar P (up- and down-chirp) dispersed in regularly attenuated medium
for three different bandwidths and frequency slopes.

together taken into account in the consideration of EM wave propagation. The backscat-
tered signal registered from buried point scatterer, at d depth, provide an information about
both cffccts on envelope and inner time-frequency form of the transmitted pulse. Consider-
ing above-described effects, the three aspects are crucial for use of the Time-Reversal based
technique for subsurface imaging:

o Comparing Fig. 3.4, attenuation does not depend on frequency slope ajy and acts in
the same way on up-chirp (ay > 0, rising frequency) and down-chirp (ay < 0, falling
frequency).
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e Comparing Fig. 3.5, dispersion acts nearly inversely in the time-frequency structure of
the propagated pulse. For constant (in time) medium constitutive parameters, it causes
an increase in the pulse duration for up-chirp (oy > 0) or a decrease in the pulse duration
for down-chirp (ay < 0).

e Unfortunately, when the attenuation strongly affects higher frequencies and the disper-
sion dominates in lower frequencies, the UWB signals suffer twice their impact leading to
unforeseen modulation of backscattered pulse envelope and changes in its time-frequency
inner structure.

Therefore, taking both previously described effects into account, it can be assumed that
the mirrored (time-revered) re-transmission of the once irrcgularly attenuated and dispersed
signal through the same medium, with selective amplification of each frequency components,
allows restoration of the initial pulse (its inner time-frequency structure) with very high
precision. Based on the attenuation characteristics obtained in a first transmission with initial
LFM pulse, in re-transmission each frequency component can be selectively over-amplified
(i.e., amplified twice as initially attenuated) to provide shape of re-attenuated LFM pulse
spectrum as similar as the characteristic spectrum of the initial LFM pulse. Hence, the once
changed shape can be retrieved with a fairly high accuracy after re-transmission through the
same medium but with reversed internal frequency changes (down- or up-chirp). Since the soil
affects the probing pulse from shallower layers and the effective propagation distance of pulse
is twice as surface-target distance (taking into account the number of inward and outward
refractions), the restoration should start when the re-transmitted pulse enters into the soil
upper layers and stop exactly when pulse backscattered by the buried target leaves the upper
soil layers. Hence, the restoration, similarly as distortion, takes place in cumulative-in-time
manner, and in both cases the pulse reflection from the buried objects does not stop the
propagation, only reverses its direction.

Furthermore, signal used in re-transmission is preferably matched to the investigated
medium, since it has been created based on an information acquired directly in the initial
transmission. Contrary to a priori information assumed about the soil structure, that may
be limited, information acquired in initial probing is obtained in strictly defined frequency
range as well as in the mission geometry (platform height Hj, incident angle 6;, cte.), and
therefore its potential value is far-reaching for soil imaging. Additional acquisition in time-
reversed manner provides the method for optimal adaptation of the radar waveform to the
medium under investigation (i.e., radar waveform diversity for optimal use of radar resources
[193] and propagation and scattering phenomenon to reveal a certain information about the
investigated medium). As shown in [194], the shape of radar pulse, and not only its energy
distribution along, can have a significant effect on targets detection, where their backscattered
response s,(t) cannot be modelled as a simple time-delay ¢tp and amplitude-scaled a copy of
transmitted signal s¢(t), s,(t) # « - s¢(t — tp). For soil imaging, since the assumption about
point target is valid under certain conditions, the propagation and scattering phenomenon
is complex, and s,(t) = a(t,7) - s;(t — tp(t,7)). Hence, searching of the optimal waveform
for buried target imaging seems to be rational, and re-use of initially gained information is
the best way for optimal waveform designing, that is self-adapted to each soil structure and
complex buried targets scenario.

However, this hypothesis assumes an unchanging medium as well as the same location
of the transmitter and receiver in the initial transmission and the secondary re-transmission.
The first condition of invariant medium is valid since the TR-AGPR acquisition along Lgg.
(understood as a single flight) takes up less than few minutes, and thus, the geological and
hydrological parameters impacting the value of CREP can be assumes as a constant. Unfor-
tunately, since the radar is in motion, at the altitude H,, and with v, velocity, the second
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condition is not satisfied. However, proper selection of PRF, antenna beam-width (04, 0¢),
and consideration of the fact that Hy, > Z,,4, (and Zpap > hy), where Z,,,4, is maximum
depth of penetration determined by the purpose of the mission, allow the presumption that
radar motion at H, slightly affect the (re-)focusing effect. Since the radar platform velocity
vp is much slower than speed of light in free space c as well in soil, the backscattered returns
are recorded almost at the same position as transmission occurred. As shown in [110], the
rclative motion in measurcment scenario can be identified with changing media, and where
minor perturbation in measurement position, relative to inhomogeneous medium, have few
effects on TR imaging.

Moreover, this hypothesis does not assume dispersion compensation [195] performed
on initially recorded backscattered signals before its re-transmission, since the goal of re-
transmission in TR manner is to accurately restore the initial pulse instead of focusing the
buried target at its location. In such a defined way, the pulse restoration is presumed simul-
taneously from all scatterers in entire observed soil area (inside swath defined by antenna
footprint on the ground, and down to presumed imaging depth) not only in small soil sub-
arcas (soil sub-volumes, as in [196]), i.c., region of interest extracted from investigated soil
where targets are expected. Nonetheless, even supposed information about type, material,
location and orientation of objects under investigation as well about the surrounding soil
structure, may be essential for mission planing (i.e., geometry, antenna pattern and gain,
radar parameter, ect.) and use of radar resources.

3.3 TR-Based Refocusing Algorithm

The formulation presented here refers to an acquisition at fixed position w, along Lgg..
Whereas, as in conventional SAR imaging, it is repeated Ny times along L, over a distance
resulting from the w, = n-vp-PRF_l, where n =0,1,..., Ny — 1.

3.3.1 Description

As results from TR principles, TR measurement schemes is organized as two successive and
implicitly linked probing (see, for example, Appendix B), where a single probing is composed
of its own signal transmission and registration. Thus, TR measurcments scheme for TR-AGPR
can be in general represented as two pairs of signals:

o the first pair of [Sf (1), sf(t)] representing the transmitted s{ (t) and recorded s/ (t) signal
in Forward Probing (hereafter referred as FP), and

o the second pair of [si"(t), s (t)] representing the transmitted s (¢) and recorded s (t)
signals in Time-Reversal Probing (hereafter referred as TRP).

Furthermore, s!"(¢) depends directly on s/(t) as follow
si7(t) = F T [KaSH ()] (3.9)

where K, is an energy normalization factor, Sf(w) = F[sf(t)], F[] is the Fourier transform
and * denotes conjunction. As previously mentioned, this time-frequency dependence be-

tween s7(t) and sf(¢) is aimed at retracing the signal propagation path and coherent energy

restoration phenomenon. Hence, the two remaining signals, i.e. sf (t) and s'(t), represent
an input and an output of TR measurement scheme, performed at fixed position w, along

Lgqr. The first of them, S'tf (t) is a well-known radar waveform with B7 product. In original
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form of TR measurements scheme, the second, s (t) is supposed to represent the temporal
and spatial refocused energy. However, for TR-AGPR, it is supposed to represent the signal
with temporally and spatially restored envelope and inner structure, highly similar to the ini-
tially transmitted pulse. Therefore, the (re-)focusing algorithm consists of Matched Filtering
(MF) performed on a restored signal, i.e., the backscattered signal, and replica of initially
transmitted signal 57{[ (t) for providing a high resolution (inversely proportional to the signal
bandwidth) and maximizing Signal-to-Noise Ratio (SNR). More precisely, the three different
MF may be carried on all signals registered in two steps of TR-based measurements and
performed in the baseband frequency range. Namely, arranging chronologically:

1. after FP, between its own s{ (t) input and s (t) output,

2. after TRP, between its own s (t) input and s"(¢) output,

3. Cross Matched Filtering (CMF), between s{ (t) input and sf"(¢) output of TR measure-
ment scheme.

In this operations, (1) correspond to range compression typical for SAR imaging. Although,
important in terrain reflectivity imaging, it can be omitted in TR-AGPR, whereas only s/ (t)
is used for optimal waveform designing, i.e., s/(t) = s{"(t) (Eq. 3.9). Second operation (2),
can be also identified as range compression, and similarly as (1) can be omitted. Both FP
and TRP are not fully independent probing. Unlike to them, (3), which components does not
come from one probing in the strict sense, represents a proper CMF performed in order to
ensure range compression, i.e., (re-)focusing objects on their true (slant) distance from the
platform.

In addition, while s{(¢) represents initial radar pulse, the sf(t), si"(t) and s (t) can
represent general radar returns in FP, new probing signal and general radar returns in TRP,
respectively, or, they can be identified within a more thorough analysis as signals related to
a one buried point.

3.3.2 Measurement Scheme

Since the proposed algorithm is described, let analyse its exemplary scheme shown in Fig. 3.6
in some aspects. This figure presents a possible time-schedule of TR-AGPR functionality
at a particular position along the synthetic aperture with the use of only one antenna for
transmission and registration. Naturally, other schedules of TR scanning and methods of its
execution can be assumed. For example, adding a second antenna, which will be addressed
later.

Forward Probing (FP): In usual transmission of pulse-echo SAR systems, backscattered
signals are recorded in time t,, between T}, and Tj¢, corresponding to the near and far
slant range, Rq, and R,¢ (see Fig. 3.2), respectively

2. H,
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Thercefore, the time period Ty, intended for the terrain returns registration is Th, =
Tsy — Ts,. However, T, should be increased by a term 7 added to fully record whole
backscattered returns from the far slant range R, hence, T, = T,,427. In same scenario,
the time period T}, can be too short for registration of the sufficient amount of backscat-
tered energy derived from internal reflections inside the soil on its inhomogeneities, as
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Figure 3.6 Schedule of proposed TR-based acquisition at a given position along synthetic aperture
line.

well as from the buried objects (structures). In fact, as outlined in Section 2.1.3, varia-
tions of the relative complex dielectric constant ¢, result in changes of wave propagation
velocity vg in soil, which is locally in layer [, given by vs, = ¢/ VErm- In consequence,
variation of v, affects the effective depth of propagation. Moreover, we have to consider
what effective depth of penetration it is possible to achieve and what effective depth
of penetration is desirable from the mission point of view. For mine detection, small
penctration depths arc sufficient (to tens of centimetres), but for pipeline monitoring or
ancient remains, higher depths are required (to several meters). Therefore, T should
be further increased by the term representing the Sufficient Penetration Time T,, and
now, 1)) = T;, + Ty,. The value of Ty, should be selected according to the TR-AGPR
application and a priori information about the type of soil, as seen in Section 2.1.3. In
addition, this problem is gaining importance when the ratio of Ty, /Ty, decreases and Ty,
has greater contribution 77/, i.e., for low incident angles #; with a small 6;. An appropri-
ate choice of time window T, and its location at the time axis is one of several issues in
proper selection for TR-based buried object imaging, that is dependent on the assumed
SLAR geometry.

Time-Reversal Operation (TRO): This step is the formation of a new radar waveform
based on the backscattered signal recorded in the previous step. All tasks in this step
consist only of signal processing in the baseband frequency range. Effective duration of
this step Top is dependent on the hardware performance of the radar and the efficiency
of signal processing algorithms. As previously presented, TR operation is equivalent to a
mirror operation, i.e. last in first out, and performed in time window T,,,. In the frequency
domain, this operation corresponds to the spectrum conjugation (as defined by Eq. 3.9).
Energy Normalization (F'N) provides compensation for energy losses and keeps average

E
energy at a constant level [100]. The normalization factor is given by K, = E—s, where
w

FE, is total energy of the transmitted radar signal and F,, is total backscattered energy
from soil structure.

Time-Reversal Probing (TRP): This key step starts at Trr (see Figure 3.6) and con-
sists of re-transmission and backscattered returns registration. The duration of signal
transmitted in TRP is equal to T)). Additionally, Ty, > T’ has to be satisfied in order
to prevent signals overlapping and uncertainty of returns registration. Due to Ty, > T,
the radar blind zone for TRP is greater than for FP. In this acquisition, the time period
TR, intended for backscattered returns registration is considerably longer than T,.

An analysis of Fig. 3.6 have shown that the radar parameters (i.e., pulse time 7 and
peak power Py) and mission geometry (as Hp, 6; and 6,;), used in this initial transmission
and acquisition, determine further performances of the second transmission and acquisition
in Time-Reversal Probing (TRP).
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3.3.3 Differences, Challenges and Expectations

Before the numerical verification of the proposed algorithm for different locations of buried
point scatterer in various soil types and radar parameters, let us describe the differences, chal-
lenges and expectations related to the proposed TR-based acquisition methods and restora-
tion (refocusing) algorithm, both in relation to conventional SAR acquisition and TR tech-
nique.

Most of all, the extended measurement times at individual positions along synthetic aper-
ture line Lq-, more than twice that of the conventional SAR, due to Ty < (Tsn + Trrw),
decrease the value of PRF. For TR-AGPR mission value of PRF is considerably lower than
in conventional SAR missions. A decreasing PRF value may result in the less precise recon-
struction of the azimuth reference signal, and thus, deterioration of the azimuth resolution of
synthesised images. Hence, a proper selection of PRF is the important issue in the TR-AGPR
system, in particular, to perform the accurate synthesis of the antenna along the radar track.
Since PRF depends on the radar parameters and mission geometry (see Eq. 2.52, Eq. 2.53),
it also depends on the radar hardware performance (via Tpp). Therefore, assuming the full
ability to control these parameters within certain ranges, the PRF may be properly selected
in relation to the mission purposes. Besides that, current SAR systems work with PRF being
much higher than its lower limit, as well as lower than its upper limit. Hence, proper selec-
tion of PRF is crucial for single antenna configuration. When two antennas are considered,
in the front and rear part of airborne platforms, spaced by a distance of Lygp, this problem
becomes potentially easier to resolve by task separation. Front antenna is used only in FP
and rcar antenna only in TRP. Then, cach probing is performed in monostatic configuration.
Assuming a sufficient length of the airborne platform and appropriately selected velocity v,
and PRF, the TRP can be repeated exactly in the same place where related FP was initially
made. Moreover, the upper limit on the time Tpp devoted to perform the Time-Reversal
Operation (TRO) equals Top = Lrro - v, ! and is higher than that obtained with only one
antenna. On the other hand, the use of two antenna requires separation between FP at w;
position and TRP at w position, where Ny —1 > 1 > k > 0, because both antennas transmit
and receive signals within the same bandwidth. Another advantage of the task separation is
possible to use two different transmitting and receiving microwave circuits of various gains
and dynamic range, which may be different during a mission but controlled by the same radar
unit.

Moreover, the TR experiment in the original form (see Appendix B), specifies location
of the transmitter and receiver on opposite sides of the scattering environment (regardless
of whether two single antennas or two TRA are used). Such a configuration is not appro-
priate for soil imaging from airborne platform, as well for GPR measurements, due to nat-
ural impracticality. Within the last years, several configurations of TR experiment (various
transmitter-receiver configurations) were used: monostatic pulse-echo [115,116] or bistatic
pulse-echo [109, 123]. Having regard to the assumed TR-AGPR mission configuration (i.e.,
one antenna for signal transmission and backscattered echo registration), the TR experiment
for an airborne platform can be carried out only in the pulse-echo configuration, either in
single antenna or two antennas monostatic manner. Whereas the aim of TR approach is a
pulse reconstruction instead of energy focusing at buried target location, the TR reflection
mode is naturally suitable for airborne subsurface imaging than transmission mode (which is
described in Appendix B).

Furthermore, the scheme of TR-based acquisition, proposed in previous section, differs
considerably from a typical scheme of TR-based experimental measurements often encoun-
tered in the literature (for example, as in [99-101]) in one field. Namely, the conventional TR
scheme assumes an additional (pre-initial) probing of the clutter channel as measure of the
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clutter response only, i.e. when the target is absent in the investigated scene. In the case of
TR-AGPR, the presence of objects in the soil is difficult to identify due to their invisibility
and buried nature, only some assumptions can be undertaken about its presence (based on
terrain maps or other information). Nonetheless, an additional flight and pre-acquisition over
terrain, with the drawback of increasing the cost of the TR-AGPR mission, may provide some
useful information about backscattered terrain returns, o, which are identified as clutter (as
defined in Scction 2.2 and Scction 2.3.4).

In spite of these differences and challenges, the expectations of the TR approach for
AGPR imaging remains the same. Due to complex scattering phenomena in soil structure,
the time-reversed signal (selectively over-amplified) should coherently cover and exploit the
original multipath propagation, as underwent in initial propagation, to provide a temporal
and spatial backscattered pulse restoration in dispersive and loss medium, which in turn
should result in energy focusing and resolution improving.

3.4 Results and Discussion

This section validates the proposed refocusing algorithm at particular position wu, along L.
with regard to the envelope of pulse backscattered by a buried point target, separately for each
of them. However, for verification of the TR-based algorithm the platform height H,, = 2 km
and 0,. = 5° were purposely assumed in unrealistic way, in particular, in relation to 0.

3.4.1 TR-AGPR Simulation Setup

Let us assume the situation where the six buried point targets T; are present in observed area
at different coordinates (x;, y;, z;) (arbitrarily arranged in z depth with A, ~ 0.275 m and
randomly in the z and y, i.e., at various observation and azimuth angles from the position
up) as shown in Fig. 3.7 and Tab. 3.2. In general, for a assumed H, and 6,., the §; =
40° and 6, = 40°. Hence, the incident angles range equals 20° — 60° (maximum possible)
and grazing angle 1), decreases from 70° to 30°. The lines representing Ry, R4 and Ry
are marked at soil surface, in both approximated soil structure (Fig. 3.7(a)) and CREP
(Fig. 3.7(b)). The buried points location is projected onto the corresponding cross-section
of soil substructure as well inside the footprint at soil surface. The dashed lines indicate
the ground range between location of target at surface (Xrsr, Yrsr, 0) and nadir platform
location (0, w,, 0). For assumed pulse duration, 7 = 1.25 ps (Tab. 3.1), the slant time ¢,,,
during which the backscattered signal is recorded in FP, is limited as follows

TS’II S tw S Tsf + 2T + Tsp (311)

in accordance with the considerations outlined in Section 3.3.2. Substituting assumed values,
the intervals T,, € [14.202, 26.691] ps, T, € [14.202, 28.266] ps, Ts, ~ 0.325 ps and T, >
T;., the ratio T, /Ts, ~ 43.27. Since soil is assumed as a planar structure and locally infinite
in z and y, for assumed platform height, observation and azimuth angles, the slant range r(t)
from platform to target can be considered along flat distance from nadir platform positions at
ground plane (0, up, 0) to target location at soil surface (Xrsr,, Yrsr, 0). Therefore, applying
Pythagoras’ theorem to layered medium with multiple inward and outward refraction (see
Fig. 2.13), slant range can be decomposed as the sum of two factors

r(t) = \/H2+ D3gp(t)+ > \/hZ+ D2(t) (3.12)

0<n<z;
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Table 3.2 Coordinates of buried points scatterers located in observed area. Dimension subscribed
as rsr, is a coordinate on the ground plane XY, when z; = 0 (see Fig. 2.13).

Target T T T3 T, Ts Ts
x; [m], [Xrsr] | 1739.19 | 1051.01 | 2283.20 | 3103.36 | 3177.98 | 828.80
yi [m], [Yrsir] 299.67 | 298.12 298.56 298.58 299.38 | 298.36
z; [m], depth 0.102 0.385 0.654 0.929 1.202 1.483
0i.rsL [°] 41.01 27.72 48.78 57.20 57.82 22.51

0 1.2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Depth, z [m]
Depth, z [m]

299

298

Along Track, y [M] Along Track, y [m]
(a) Segment of approximated soil strucutre (b) Corresponding CREP (at carrier frequency)

Figure 3.7 Target location in soil structure (the proportions between x, y, z are purposely disfig-
ured).

where Drgr(t) is a flat distance (on the soil surface) from platform (0, uy, 0) to refraction
point at the soil surface (Xrsgr, Yrsr, 0), that varies in general with ¢, incident angle 6; and
uyp platform position. The second term >, ., represents the total travelled distance in the
soil structure, from refraction point at surface (Xrsgr, Yrsgr, 0), through successive refrac-
tion point at consccutive soil interfaces (X7srn, YrsRrn, —#n) and to truc target location
(X7sr, Yrsr, —za). The D,(t) is a flat distance on a flat interface between to consecutive
soil layer [, and 1.

While X7gr and Y7 g1, are constant during acquisition, the X7s5r and Yrsg changing de-
pending on the target location (Xrsr, Yrsr, —zq). In two half-space medium, with constant
er(z, f) = &r (as modelled in [58,78,79,81,196]), Eq. 3.12 simplifies to two terms, without
> 0<n<», term, where only one inward refraction occurs at the soil surface. Since Drgg(t) at
the soil surface is changing, the incident angle ;(t) at the soil surface is changing as well,
0;(t) = 0; 4(t) = arctan(Drsgr(t)/Hp). As result of Snell law, the propagation angle 0; , in [,
layer can be derived from

0;n(t) = arcsin (m sin Gw(t)) (3.13)

Ern

Substituting €, = 1.0 — 0¢ into Eq. 3.13, leads to

0, »(t) = arcsin ( sin (arctan(DTgR(t)/Hp))) (3.14)

E‘:T‘,TL
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Furthermore, when /hZ + D2(t) = R, (t) = hy( cos Hi’n(t))fl, Eq. 3.12 changes as follow

r(t) = \/H} + D%SR(t)—th: hn[cos(arcsin((mrl sin(arctan(Drgsr(t)/Hp)))) }_1 (3.15)
0

Since the estimation of r(t) it laborious, it is carried out in an iterative manner for each
buried point and at each position u,, along Lg,-. Moreover, the calculation are performed
when the refraction point at soil surface (Xrsgr, Yrsg, 0) leading to buried object location
(Xrsr, Yrsr, —zq) lies inside the antenna footprint at the soil surface. Thus, at constant
slant range, the deeper located targets are observed longer than shallowly located targets.

Throughout all the simulation, two radars are used, i.e., Radar P3 and Radar L3
(see Tab. 3.1), both of B = Bs = 200 MHz (for a finer resolution). The tapers parameter r of
the wy(t) time-window function (see Eq. 2.93) equals r ~ 0.21. The proposed algorithm was
verified for:

« two different chirp slopes (ay >0 (ocjf) up-chirp and ey <0 (aj) down-chirp),
o two different polarizations (HH and VV),

e six approximated soil structures (scc Fig. 2.4 and Fig. 2.10).

In addition, while for imaging radar, the Signal-to-Clutter Ratio (SCR) plays often more
important role than the SNR [13], for clutter modelling the surface standard deviation s was
assumed equal to s = o, (i.e., standard deviation of soil layers, see Section 2.1). The o
was calculated with model presented in [189,190], and clutter area A, (see Fig. 2.12(b) and
Eq. 2.92) has been divided into smaller areas equal to the theoretical SAR resolution cell area,
i.e., ¢/(2By) x D, /2. Due to the large number of considered configurations, the successive
stages of proposed scanning method (as described in Section 3.3.2) are presented for the
two configurations, i.e., Radar P3 (up-chirp, HH) and Radar L3 (up-chirp, HH), and for the
same soil structure (HU 360084) and objects location (Fig. 3.7). The same chirp slope aj[ and
polarization HH were assumed for comparison of the clutter level. Then, the pulse restoration
and refocusing phenomenon are presented taking into account other soil structures (Fig. 2.4,
Fig. 2.10). While the results are presented jointly on the following figures, the analysis and
processing of backscattered envelopes have been carried out separately for each buried point.

3.4.2 Forward Probing (FP)

Results of Forward Probing (FP) (i.e., conventional SAR imaging over terrain) are presented
in Fig. 3.8. An analysis of this figure leads to the following observations:

« Fig. 3.8(A): For Radar P3 the spectrum of backscattered envelopes is deformed in more
regular (predicted) way than that for Radar L3. Since for Radar P3, the spectrum is gen-
erally more attenuated for high-frequency components with the oscillations proportional
to the angle of observation. For Radar L3 irregular oscillations appear with different
levels of intensity (amplitude). However, since spectrum oscillations for Radar L3 are
higher than for Radar P3, the normalized spectrum is more similar to LFM spectrum
flattened by a tapered cosine window, and in some frequency regions of the considered
bandwidth higher frequency component are more distinct than lower.

o Fig. 3.8(B-C): Spectrum shape affects the result of the matched filtering (MF'), which is
performed in the base band with the replica of transmitted LFM pulse. In general, out-
puts of MF show two effects, firstly the broader main lobe and ghost targets, secondly
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Figure 3.8 Results of Forward Probing (FP) over assumed soil structure with buried point
targets: in (A)-(E) targets are marked by colour lines, dashed for Radar P3 and solid for
Radar L3; in (D) and (E) plots are marked as in Fig. 3.3; targets colour, their depth and 6
are presented at the top of the figure.
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the relative shift with respect to the expected position at time axis (as in Fig. 2.21).
Meanwhile, more regular (more attenuated but less dispersed) spectrum of Radar L3
results in less degradation of MF results. This can be easily explained by analysis of
CREP model used in simulation (Fig. 2.6 - Fig. 2.8). In used frequency ranges, i.e.,
0.3 GHz — 0.5 GHz for Radar P3 and 1.1 GHz — 1.3 GHz for Radar L3, the CREP
considerably decreases in Radar P3 bandwidth and slightly decreases in Radar L3 band-
width (plots for HU 360084). Morcover, as presented in Section 3.2.1, attenuation is
stronger for higher frequencies, Over the same bandwidths, dispersion affects more
strongly on these, which are centred around lower carrier frequency. Thus, taking into
account both effects, the results for Radar L3, although their envelope is more attenu-
ated (see Fig. 3.8(D)), are relatively less defocused (narrower main lobes and lower level
of ghost targets) and less shifted in comparison to Radar P3. Moreover, in comparison
with the Fig. 2.21, the distortion level (i.e., number of ghost target and their level in
relation to the main lobe, as well the shift on the time axis in relation to the expected
position) of MF outputs increases with increasing signal bandwidth. The bandwidths
of Radar2 (345 MHz — 375 MHz) and Radar3 (400 MHz — 470 MHz) are contained in
the bandwidth of Radar P3, and bandwidth of Radar4 (1162.5 MHz — 1237.5 MHz)
in bandwidth of Radar L3. Further, comparing these figures, the distortion of internal
signal structure strongly affects the result of MF than the attenuation level. Results for
Radar L3 are more regular, or similar (excluding T3), when for Radar P3 the regularity
(similarity) does not exist. Without paying attention to time-shift of maximum from the
expected position, the outputs of MF for Radar P3 are highly irregular (expect of the
slight similarity between T3 and Ty). Which confirms that the different types of soil affect
the signal envelopes in different ways.

o Fig. 3.8(D): While the bandwidth of both radars is the same, due to the different
carrier frequency the clutter level is slightly higher for Radar L3. For both radars,
clutter decreases with an increasing incident angle (over slant registration interval
Tsn < tw < Tsp + 27 + Typ). Comparing the regions of slant time in which backscat-
tered signals return to radar, the difference in attenuation level are clearly visible in
relation to the objects between each other and with regard to the level of clutter. More-
over, the rising and falling edges of the envelopes, due to the smoothing window wy(t)
with r &~ 0.21, are visible. For a particular target, the slight difference in the arrival time
of the backscattered echo results from different propagation path and various propaga-
tion velocity in soil. In general, the backscattered envelopes of Radar P3 (solid lines) are
stronger (dashed attenuated) than for Radar L3 (solid lines). When for Radar L3, the
amplitude of backscattered envelopes are less than clutter level (over 10 dB less than
surface clutter), for Radar P3, these envelopes are partially blended into clutter, and the
envelope from the shallowest target T3 slightly rises above the clutter level.

o Fig. 3.8(E): When the internal time-frequency structure of backscattered signals for
Radar L3 are less deformed, their higher attenuation implies that the MF is not able
to recover them all on a background of the clutter. Only the shallowest target T7 was
correctly detected, others are not so different from background. On the contrary, strongly
deformed backscattered signals for Radar P3, that are at a similar level as the clutter, all
have been recovered by processing based on MF, however, their main lobes are broader.
Even Tg has been correctly recovered and slightly rises above background, although
that, due to its location in near slant ranges, it was hidden in strong clutter background.
Looking morce closcly at pcaks positions of the object T, the peak for Radar 1.3 appcars
later than this for Radar P3 and shift is about A% = 3.66 ns (i.e., slant distance shift
A%, = 0.55 m in free space). The difference in amplitude is about 5.79 dB in favour of
Radar P3.
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An analysis of Fig. 3.8 shows that the level of the backscattered signal from buried targets can
be such low that the proper detection of buried targets is impossible. The shallowly located
objects (down to few centimetres) can be detected on different carrier frequencies, while
lower frequencies significantly improve the detection of deeper objects (lower attenuation and
clutter level). The clutter level decreases with incident angle and there are not significant
differences between the level of the backscattered signal at different incident angles, hence,
higher obscrvation angles also enhance the detection of buried objects.

3.4.3 Time-Reversal Operation (TRO)

In TR-besed measurement procedure, before re-transmission of initially recorded backscat-
tered signal through soil structure in time-reversed manner, the backscattered signal is energy
normalized due to losses resulting from propagation. Considering the attenuated envelopes
from buried point targets, the over-amplification characteristic is derived from the comparison
between the initial pulse and the irregularly attenuated envelopes with respect to relation
between the time duration 7 of initial pulse and time duration of dispersed backscattered
returns. Ray-tracing method allows to perform pulse comparison for each considered buried
scatterers. Then, the Energy Normalization (EN) can be performed twice to amplify the sig-
nal before its re-transmission in that way, that signal restored in TRP obtain fairly constant
amplitude. In original form of the TR experiment, the EN by factor K, simply compensate
energy losses and keeps average energy at a constant level. However, K, expresses normaliza-
tion coefficient which is valid only in the medium where the attenuation does not depend on
the frequency, i.e., in non-dispersive medium. In soil, loss compensation must be performed
rather in a adaptive frequency manner (as depicted in Fig. 3.4) than average compensation.

Therefore, let analyse and compare the total cumulative energy, denoted as E(t;), of
backscattered signals calculated over duration t; of the envelope of target T;. In general, the
energy Ejs of the signal s(t) is given by

+
ES:/ 1s(0)|? dt = 2/ 2 dw < oo (3.16)

Parseval’s theorem

The envelope of the signal backscattered by buried point target, sf(t) (see Fig. 3.8(D)), lies
between Ty and T, + t;, where Ty, is two-way time delay, ¢; depends on several factors and
is different for various target T, i.e., Ty(T;) and t;(T;). The whole radar returns (surface
clutter and backscattered signals), sf}c(t), occur between Ty, and T + 27 + Tp. Therefore,
the energy of radar signal (defined by Eq. 2.93) is given by

Etf:/ 17 ()2 dt (3.17)
0

and the total energy of radar returns (clutter and backscattered signals) are expressed by
Tgf+27'+Tsp
2
.~ st dt (3.18)

that contains the total energy of backscattered signals from N7 buried targets 1;, given by

Ty (T))+t:(T, '
Ef, = Z Ef, = Z / 55T (82 dt (3.19)
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Figure 3.9 The changes of cumulative energy in respective intervals of time for both radars: sep-
arately for the probe signal s/ (t), backscattered pulses s/7:(t), whole radar returns sl (t) and MF
outputs sf’*;”f (t).

The total energy of MF outputs is given by
Tsf+Ts
L O (3.20)

While the Eq. 3.17 - Eq. 3.20 are limited and calculated over the entire duration of the radar
source, radar returns and backscattered envelopes, respectively, the cumulative energy E.4(t)
is a function of time. Fig. 3.9 shows the cumulative energy of radar source 3{ (t), radar returns
sf,(i(t), results of MF s/ (t) and backscattered signals s/'7i(t) from the six buried targets and
the two radars. While the cumulative energy of transmitted pulse increases linearly and is the
same for both radars (same bandwidth and peak power), the stronger attenuation for higher
frequencies leads to lower values of cumulative energy of backscattered signals for Radar L3
(dashed lines) than Radar P3 (solid lines), lower about 20 dB comparing theirs maximum
values at Ty(T;) + ¢;(T;). Due to the high clutter level, the contribution of backscattered
energy from buried targets is not so significant within the total radar returns s{.(¢) (compare
with Fig. 3.8(D)). In particular, in case of Radar L3, where strongly attenuated signals are
not visible within the background of strong clutter. Although the strongly backscattered
signals for Radar P3 contribute to lower clutter level, the cumulative energy of Radar P3
returns does not increase over the cumulative energy of Radar L3 through entire registration
time window Ty, < t,, < Ts¢ + 27 + Typ. However, the MF approach (T, < ty, < Tsp + Tp)
pulls out objects from clutter and results in significant increases in the shape of the curve
representing the total cumulative energy calculated over the outputs of MF, s£7™/ (t) (compare
with Fig. 3.8(E)). These increases are clearly visible for T} and 75 in Radar P3 and slightly
for T} in Radar L3. While at near slant ranges (small incident angles) the cumulative energy
of MF output for Radar L3 slightly exceeds that of Radar P3, due to the detection of objects
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(even Tg) the cumulative energy of MF output for Radar P3 clearly overpass that Radar L3
and does not decrease below it.

Furthermore, looking more closely at changes of cumulative energy only along the en-
velope duration of backscattered signal ¢;(T;) from considered scatterers, i.e., between T4(T;)
and Ty(T;) + t;(T;). For simplification, let’s assume T4(7;) = 0 for all the objects regardless
to their location. The cumulative energy of the pulse backscattered by buried targets, Eg;l (1),
can be expressed (in time domain) as

t
Eg (1) = /0 [P E)PdY,  0<t<t(Th), 0<t <t (3.21)

Fig. 3.10 (A,B) shows a comparison of cumulative energy of radar pulse and cumulative
energy of backscattered signals derived from buried targets, respectively, for Radar P3 and
Radar L3. Due to the backscattered pulse elongation, the maximum of cumulative energy is
reached at the time ¢;(7;) > 7. While the Fig. 3.10(A) and Fig. 3.10(B) show an instantaneous
increase of the cumulative energy over the envelope duration ¢;(7;), Fig. 3.10 (C,D) shows
the normalized-to-maximum values

Ei(t)  __ Ei(t)
max{ Eg;l (t) } Eﬁl (t:(T3))

(3.22)

and highlight derogation from the linear rising of cumulative energy, which is characteristic
for radar pulses with constant amplitude, but it is not revealed in the normalized cumulative
energy calculated based on the irregularly attenuated envelope of backscattered signals. How-
ever, due to the use of time window w(¢) (r ~ 0.21), cumulative energy at the begin and the
end of both radar pulses and backscattered signals increases non-linearly, when in the centre
of radar pulses it grows linearly. Despite the irregularities of the MF outputs for both radars
(sce Fig. 3.10(B,C)) normalized cumulative cnergy of all backscattered pulses for Radar P3
grows stronger at the beginning of the pulse (in particular, for 7o, T3, and Ty) than at the end
of the pulses. While for both radars ay > 0, i.e., a;{, instantaneous frequency increase along
pulse duration, the envelope of backscattered pulses is more strongly attenuated at the end of
the pulse than at the begin. Thus, in the frequency domain (see Fig. 3.8 and Eq. 3.16), while
the lower frequencies of the considered bandwidth have higher amplitudes they contribute
more strongly to cumulative energy. When the envelope of backscattered pulses fluctuates
irregularly with local minims and maxims (as well as the spectrum magnitude in Fig. 3.8(A)),
the (normalized) cumulative energy also grows irregularly with periodic fluctuations. On the
other hand, for Radar L3, due to the more diversified attenuation of the backscattered enve-
lope than for Radar P3, the cumulative energy grows either of two ways. For Th, T3 and T5,
it grows stronger at the beginning of the pulses than at the end (similarly as in all targets
for Radar P3). However, for Ti, Ty and Ty the spectrum magnitude of which is stronger
for higher frequencies (located at the end of the pulse, Fig. 3.8(A))), the cumulative energy
grows slightly at the beginning of the pulse and then it begins to grow faster depending on
the irregularly distorted spectrum of backscattered signals.

As mentioned previously, the aim of the TRO is to prepare a new radar signal. Under
the assumption about unchanging medium, the mirrored retransmission is intended to restore
the inner signal structure (linearisation of frequency changes and restoration of the proper
pulse duration) and over-amplification aims to align the amplitude to the same constant level.
These two cfforts arc designed to matched the new backscattered signal to replica of initially
transmitted radar pulse and to achieve the refocusing effect at the output of MF. While
cumulative energy of backscattered pulses arise non-linearly, thus, the EN should amplify
the amplitudes of backscattered pulses in non-linear way before its retransmission in time-
reversed matter. Let’s I{¢(t) denotes a normalization coefficient of the envelope of T} target,
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Figure 3.10 A comparison of cumulative cnergy through the envelope duration for Radar P3 (left
column) and Radar L3 (right column): increase of the cumulative energy (top), comparison of the
normalized-to-maximum values of cumulative energy (bottom).

which is defined as
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and cxpresses the ratio of cumulative cnergy of transmitted signal, Etf (t), to cumulative
energy of backscattered pulse, EX (t). However, when 7 # #;(1}), the KZi(t) must take into
account different time intervals over which the cumulative energy (and average power) is
calculated. While EN equalizes the average power level

B/ (1) = KE (D) - 1y PR(T) (324
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and ;
t:(T; B
KT a(my)) — 20 B (3.25)
T Ey(t(Th))
hence, KIi(t) (Eq. 3.23) should be modified as follows
tt
F(@#)2 at
Ef(+ t, / |51 ()] 0<t; <
KTy = ZED e o , ST cAnm) (326)
Em‘,] (t) t: / ‘SZ,TZ- (t)|2 dt 0<t, < tl(T'l)
0

Therefore, before its retransmission, the envelope of backscattered pulse must be further
enhanced, i.e., normalized twice, in other words, over-amplified. When the EN only changes
the amplitude of backscattered pulse, it can be expressed as

s (t) = s - K1) - K () (3.27)
where sir’T" (t) is a new radar pulse. While a single multiplication equalizes the envelopes only,
a double multiplication reinforces them non-linearly in order to provide the constant level
of envelopes after their re-attenuation in TRP. Fig. 3.11 shows the K!i(t) and sir’Ti (t) for
both radars and six buried point targets. When, apart the smoothing window w(t), before
transmission the s/ (¢) is amplified by A(t) = /Py, the KZi(t) reaches a significant value
compared to level of the backscattered pules envelope s£7:(#). Local minima and maxima
through the backscattered pules envelope cause fluctuation of K (¢), which are highly evident
at its beginning. Higher attenuations for Radar L3 induce in higher value of K (t) for this
radar. According to Eq. 3.27, over-amplification reinforces the new probing signal to an
unreachable level for the dynamic range of radar. Assuming maximum amplitude level as
A, = 30 dB, the new probing signals s?’T" (t) after over-amplification were all normalized
to that level, however, keeping the amplitude fluctuation determined by over-amplification.
In Fig. 3.11, the s?’Ti (t) are time-reversed and symmetrically reversed around a ¢t = 0.
While in s{ (t) the frequency increases linearly over 0 < ¢ < 7, in s."7%(¢) it decreases over
—t;(T;) < t < 0. Local minima, occurring through s{f’Ti (t), have been changed into local
maxima through sir’Ti (t) after the over-amplification. For comparison, local minima in sf (t)
of Ty (for example, in Radar P3: about ¢,, = 0.16 ps and ¢, = 0.42 ps; in Radar L3: about
tm = 0.56 ns and t,,, = 0.74 ps) and T} (for example, in Radar P3: about ¢, = 0.17 ps and
tm = 0.44 ps; in Radar L3: about ¢, = 0.28 pis and ¢,, = 0.39 pis) increase maxima in s, (¢)
of T5 and Ty at tj; = —t,,. Hence, in TRO, the six new probing signals sfr’T'" (t) are formed
on the basis of the amplitude level of six backscattered pulses s{f "Ti(t) and in comparison with

the initial radar pulse S'tf (t).

3.4.4 Time-Reversal Probing (TRP)

Aiming to investigate the sir’Ti (t) behaviour in TRP along the same propagation path as
sI'Ti(t) underwent in FP, the s (t) is considered separately within the same propagation
model as in FP (Scction 3.4.2), which is based on backward-propagating matrix Bnnt1)
(Eq. 2.75). Results of TRP are presented in Fig. 3.12 (in the same order as in Fig. 3.8).
Whereas in Section 3.3.2 (Fig. 3.6) the TRP starts at Trg, where Trg = Ty +Tsp + 27+ Top,
for comparison of FP and TRP results at the same position w,, along L., the Trr = 0. An
analysis of this figure leads to the following observations:

e Fig. 3.12(A): The shape of the spectrum of backscattered signals STi(f) have been
restored with fairly high accuracy for both radar. Either the frequency shift and mag-
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Figure 3.11 Derivation of the energy normalization factor KZi(¢) and a comparison of signal levels
in FP and TRP for Radar P3 (top) and Radar L3 (bottom).
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Figure 3.12 Results of Time-Reversal Probing (TRP) over assumed soil structure with buried point

targets: in (A)-(E) targets are marked by colour lines, dashed for Radar P3 and solid for Radar L3;
in (D) and (E) plots are market as in Fig. 3.3 and Fig. 3.8; targets colour, their depth and 6y are
presented at the top of the figure.
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nitude fluctuations were compensated (see Fig. 3.8(A)). By comparing the normalized
spectrum of these signals with S’tf (f) (slightly smoothed by Wy(f)) the differences are
negligible and plots overlap on each other.

« Fig. 3.12(B-C): While s"7i(¢) is a radar pulse in TRP, the matched filter approach
uses s () as a reference signal in place of s (t), i.e., Cross Matched Filtering (CMF)
approach (see Section 3.3.1). The MF outputs for both radar are correctly reconstructed
with one dominant main lobe at ¢ = 0 and symmetrical level of side lobes as well as
without ghost targets (apparent objects) (for comparison, see Fig. 3.8(A)). Without
considering the amplitude level of sf'"T" (r), the normalized outputs of MF are fairly

similar and overlapping.

o Fig. 3.12(D): The same mission geometry as in FP causes the same phenomenon of
wave scattering in air (is taken into account in calculation of the amplitude of the signal
at soil surface before its entrance to soils structure, and later, in calculation of the
signal amplitude which reaches the radar antenna after leaving the soil). Furthermore,
clutter bechave similarly and decrecases with increasing angle of obscrvation. However,
while s/ (¢) are stronger than s{ (t) (about A,,/Ag) at antenna transmission input, the
backscattered signals s>7¢(t) are generally stronger than the s/7¢(¢). And, what is the
most important, their amplitude are uniformly flat in the middle of the envelopes and
smoothed at their ends. Identical attenuation in soil structure, the same as in FP, resulted
in similar relationships in the level of the envelope for the same object T; between Radar
P3 and Radar L3 as in FP. These relationship are slightly disturbed by the differences in
s Ti(1) between Radar P3 and Radar L3 (see Fig. 3.11), whereas in FP s/ (¢) = s/ (1)
are the same for six targets and two radars In comparison to Fig. 3.8(D), now the T}
strongly rises above the clutter level in s.(¢) for both radars as well T5 but only for
Radar P3. The targets 15 and T3 are revealed slightly in st ( ) despite the fact that they
arc surrounded by a strong clutter (low incident angles).

o Fig. 3.12(E): A stronger contribution of the backscattered pulses si"Ti(t) into si7,(t)
affects the result of MF approach, resulting in that the objects are firstly better extracted
from clutter and they have a higher amplitude in s’ £ (t), for both radars. All six objects
have been detected by Radar P3 (even 1), five ObJeCtS were recovered correctly for Radar
L3 where the T3 is located at clutter level. Furthermore, reconstruction of the internal
signal structure makes disappear the ghost targets in 9”" mf (t) and main lobes (or peaks)
of detected targets have a thin form. Still, however, the si ™/ (t) is lower for Radar L3
than for Radar P3. And a shift between a maximum locations of T; in stmd (t) still

occurs, the same as in FP, but now it is much lower. The difference in the amphtude of
Ty is 7.04 dB in favour of Radar P3, and is higher over 1.2 dB than this for FP.

In general, an analysis of Fig. 3.12 shows that a fairly accurate restoration of the internal
signal structure is possible. Hence, in combination with selective over-amplification aimed at
unifying the signal level, the time-reversal (mirrored) retransmission results in significantly
improved of the buried targets detection capability. Providing a high signal power in TRP,
even slightly higher than in FP (see Fig. 3.11), also enhance the imaging capabilities of buried
targets.

For comparison of the MF outputs between FP and TRP, in Fig. 3.13 the sf S (1) and
sfﬁf&mf (t) arc both normalized to max{s.; 7/ (t)} and presented scparately for Radar P3 (top)
and Radar L3 (bottom). For both radars the results are more accurate for TRP than for
FP. While normalized clutter background is higher around 8 dB for Radar L3, the peaks
amplitude are similar for some targets (as Ty, 7). Whereas the refocused peaks in TRP
are narrow for all of defect objects, in the results of FP for Radar P3 they are lower, highly
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Figure 3.13 A comparison of the MF outputs for Radar P3 (top) and Radar L3 (bottom).

broader and slightly shift from maximum location of TRP result (in particular, 75 and T3). In
the result of FP for Radar L3, the peak for T} is narrower than for Radar P3, however, other
objects are hidden in clutter background (due to the higher attenuation). The slight shift in
maximum of 7 (and between other relevant peaks) occurs between Radar P3 and Radar L3
in TRP results. For both radars this shift is determined by the frequency components that
formed up the leading edge of the radar signal. When the distortion of the internal pulse
structure depends on the bandwidth of radar pulse (frequency slope as well) as well as a
carrier frequency and turns into a delay or acceleration of the trailing edge (see, for instance,
Fig. 2.20), the pulse delay is determined by the leading edge. Hence, while in TRP the pulse
slope ay is mirrored compared to FP, the delays of backscattered pulses are different and
therefore the energy is refocused at slightly different slant time-delay (or slant range).

3.4.5 Pulse Restoration and Refocusing

In the previous subsections, we have presented results of a single probing in accordance with
the proposed scheme (Fig. 3.6) of TR measurements over a one soil structure, this subsection
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provides a comparison of refocusing effect through the all considered soil structures (Fig. 2.4)
and for different configuration of TR-AGPR mission. The location of the buried object inside
a soil structure (incident and observation angles) and operational bandwidth of considered
radars remain the same, whereas the polarisation and LFM slope are changed.

Fig. 3.14 and Fig. 3.15 present a normalized results of pulse refocusing for Radar P3 and
up-chirp LFM, separately for horizontal (Fig. 3.14) and vertical polarisation (Fig. 3.15), for
each buried target T; (from left to right) and each soil structure (from top to bottom). Each
chart contains lines representing the results of the three different MF operation, which can be
performed separately during TR measurements (as depicted in Section 3.3.1, and in [124]).
Namely, the MF outputs after FP [s/ (¢), s/Ti(t)] are presented in colour lines (according to
the colour used previously). The MF outputs after TRP [sir’T" (t), strTi(t)] are presented in
black lines for all targets and soil structures, whereas the CMF outputs [s{ (t), sirTi(t)] are
presented in uniform colour (such as defined for Radar P3). Mainly, these two figures show in
a wide range the impact of soil structure and target location on the MF outputs, which are
disfigured by distortion of the internal pulse structure. A comparison of FP [s{ (t), sbTi(t)]
results (lines in targets colour) between different structures and targets show how the pulse
distortion is irrcgular, in particular, in rclation to deeply located targets or objects, which
are located under highly changing soil structure. Strong variation of the main lobe maximum
and amount of ghost target (apparent objects) as well the asymmetrical shape of MF outputs
indicate the selective nature of the soil. Furthermore, the TRP results [si7¢(¢), si"Ti(t)]
(black lines) are also disfigured by pulse distortion with shifting of the main lobe maximum
and different amount of ghost targets. When S;T’Ti (t) is preferably matched to soil structure
(along propagation path), the s{"7(t) represents renewed signal structure, thus, those signals
are mismatched and MF outputs after TRP probing are distorted as well. However, while in
FP oy > 0 and in TRP a; < 0 (reversed frequency), the pulse distortion in TRP is different
than in FP and also depends from target depth and soil structure. Meanwhile, the results
of CMF [s] (), s"Ti(t)] (colour as Radar P3) are fairly well refocused regardless to the soil
structurc and target depth.

Similarly, Fig. 3.16 and Fig. 3.17 present a normalized results of pulse refocusing for
Radar L3 and down-chirp LFM, separately for horizontal (Fig. 3.16) and vertical polarisation
(Fig. 3.17), for each buried target T; (from left to right) and each soil structure (from top to
bottom). Again, each chart contains lines representing the results of the three different MF
operation. While the results of FP and TRP are marked the same as in Fig. 3.14 or Fig. 3.15,
the CMF outputs are presented now in uniform colour defined for Radar L3. The same as
for Radar P3, the results of FP [s{ (t), sLTi(t)] (lines in targets colour) are affected by pulse
distortion. However, due to the different changes of CREP in the operational bandwidth of
Radar L3, they arc narrower with lower amount of energy and level of ghost targets. Morcover,
the low disfiguration level remains the same for TRP results [s7 (1), stTi(¢)] (black lines),
whose for some objects have almost the same maximum location and the same level of ghost
targets as in FP. In Fig. 3.16 and Fig. 3.17, for FP ay < 0 and for TRP af > 0. Meanwhile,

the results of CMF [s! (¢), s"Ti ()] (colour as Radar L3) are again fairly well refocused.

Despite the lower distortion level for Radar L3, the different attenuations of the backscat-
tered pulse envelope (in favour of the Radar P3) should be taken into consideration in compar-
ison of CMF results between Radar P3 and Radar L3. Moreover, various incident angles also
contribute to level of focused target maximum after each step. The plots shown in Fig. 3.18,
compare the magnitude level of considered targets after the FP and CMF for two radars
(Radar P3 and Radar L3) in two configuration, i.e., ay HH and a_ VV. The difference in
the attenuation between Radar P3 and Radar L3 is clearly visible in these plots (for both
configurations). Mainly for all targets, the CMF mainly provides greater magnitude level than
FP. However, since proposed method of EN (see Section 3.4.3) re-amplifies in non-linear way
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Figure 3.14 A comparison of the pulse refocusing for Radar P3 (o, HH) for six buried targets
(from left to right) and six considered soil structures (from top to bottom): FP results in target’s
colour, TRP results on black and CMF results in Radar P3 colour.
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Figure 3.15 A comparison of the pulse refocusing for Radar P3 (a, VV) for six buried targets
(from left to right) and six considered soil structures (from top to bottom): FP results in target’s
colour, TRP results on black and CMF results in Radar P3 colour.
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Figure 3.16 A comparison of the pulse refocusing for Radar L3 («_, HH) for six buried targets
(from left to right) and six considered soil structures (from top to bottom): FP results in target’s
colour, TRP results on black and CMF results in Radar L3 colour.
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Figure 3.17 A comparison of the pulse refocusing for Radar L3 (a_, VV) for six buried targets
(from left to right) and six considered soil structures (from top to bottom): FP results in target’s
colour, TRP results on black and CMF results in Radar L3 colour.



96 CHAPTER 3. TIME-REVERSAL TECHNIQUE FOR SUBSURFACE IMAGING

a) FP:P3.o, HH b) CMF : P3 o, HH ¢)FP: L3 o, HH d) CMF : L3 o, HH
-45¢ ———— BE 320202 -45¢ ——%— BE 320202 7 -45¢ ———— BE 320202 -45¢ ——— BE 320202 7
50F  —— F13580005 3 50F  ——— FI3580005 50F  —— F13580005 50F  —— FI3580005
E GM 490143 3 F, —*— GM490143 J E GM 490143 F —%— GM490143 J
-55F ———— HU 360084 7 -55F ——k—— HU 360084 1 -55F ——=—— HU 360084 -55F ——k—— HU 360084 1
E. ————1T390025 3 Ex\\ —— IT390925 3 E ———IT390925 E ——1T3%0925 3
60 PO 3511382 3 60F PO 3511382 3 60 PO 3511382 3 60 PO 3511382 3
—~ -65F E — -B5F 3 — -65F E — E 3
g E 1 g E i 8 E 1 g E 3
% TOE 1 o 7O e 1 o O E
° E 3 ° = 3 ° E 3 ° = 3
2 75 i 2 -75F i 2 75E - E. El
f =4 E 3 f= E 3 f =4 E 3 f= E 3
g -80F E & -80F 3 g -80F E g E 3
= E i = 2 i = 2 i = 2 3
B 85 1 B 85t 3 B 85 i1 B E E
= E B < E 3 = E o E E|
S 18 % o8 % Sl ]
B 95 3 8 95 i B 95 3 E E
2 ] g _F i g g E
g -100¢ 1 8 100t 3 g 100t 8 g 3
w £ 7 w E E| w £ w E E|
-105 £ El -105 E| -105 £ E E|
-10F -10F -10F
115 F A15E 115 F E
-120F 20 -120F
RS I L 0 I 1 O T S 0 B ) N O LW 0 i ]
0.0 05 1.0 1.5 0.0 0.5 1.0 1.5 0.0 05 1.0 1.5
Depth, z[m] Depth, z [m] Depth, z[m] Depth, z [m]
e)FP:P3a W f) CMF : P3 o W g FP:L3a W h) CMF : L3 a_ WV
-45¢ BE 320202 ] -45¢ —%— BE 320202 1 -45¢ BE 320202 ] -45¢ —%— BE 320202 1
§0F  — F13580005 3 50Fy % F13580005 §0F  — F13580005 3 50F  — % F13580005
E GM 490143 3 EX  —%— GM490143 3 E GM 490143 3 E —%— GM490143 3
55EF e HU 360084 T 55 E L\ % HU 360084 3 55EF  ———— HU 360084 T 55F  ——%—— HU 360084 3
E ———— T 390925 E E # IT 390925 El E ———— T 390925 E E ——— IT 390925 El
60 ¢ PO 3511382 ] 60 PO 3511382 3 60 PO 3511382 ] 60 PO 3511382 3
— -B65EF% E — -65F E — -65F E — E E
8 E- 1% 1 8 18 _F E
o -70E. E o -70E E ° -70E E o E E
S sk 1 S s 1 3 7sEs 1 3 g E
I S-S 471 E TN - ]
g -0: i 8 B0F X - Bl SN\ ER E
3 o5 15 e\ 103 85f \ ] 3 e5f ]
g E i g E hoz 3 8 wf i1 5 E E
o 0E ERI I \ E R T .38 2 E
o £ | ° E | o £ | ° E |
@ 95E 1 2 95E i 2 95 / 1 2 E E
g -100¢ 1 8 100t 3 8 100t 8 g 3
w £ 1 w E E| w £ A w E E|
-105 £ E| -105 £ E| -105 £ E| E E|
115 F 15 E 115 F
A120F -120F A120F
A28E0 B L T T T A5FR, D 4 BT T 12sEh B R T T T ]
0.0 0.5 1.0 15 0.0 0.5 1.0 1.5 0.0 0.5 1.0 15
Depth, z[m] Depth, z [m] Depth, z[m] Depth, z [m]

Figure 3.18 Magnitude level of the six focused target (at different depth and incident angle) after
FP and CMF for two radars (Radar P3 and Radar L3) and two configurations («y HH and a— VV)
in six considered soil structures.

the backscattered signals before its retransmission in the TRP, the curves of target magni-
tude for CMF are different and for certain targets the magnitude level is lower in CMF than
in FP. Moreover, Fig. 3.19 shows the relative displacement of the focused target main lobe
after the F'P (solid lines) and TRP (dashed lines) for two radars (Radar P3 and Radar L3)
and two configurations (ax HH and o HH) in six considered soil structures. For constant
polarization and the slope o, of initially transmitted pulse (Fig. 3.19, along rows), the relative
focused target peak shift is lower for Radar L3 than for Radar P3 (with the drawbacks that
attenuation is higher for Radar L3). For constant radar and polarization (Fig. 3.19, along
columns), the relative shift is slightly lower when initially transmitted pulse has decreasing
frequency slope (a_). For all configuration, the relative main lobe shift between FP and
TRP is nearly completely opposite (with a accuracy of the sampling period). Hence, pulse
elongation (a4 ) or shortening (a_), which occurs in FP, is recovered in TRP, where pulses
are re-transmitted in TR manner. Similar relationships occur for VV polarization. As shown
in Fig. 3.14 - Fig. 3.17, the results of CMF are correctly re-focused and located at expected
position, where relative main lobe shift equals one for each considered targets inside all con-
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Figure 3.19 Relative main lobe shift from expected position after FP and TRP for two radars
(Radar P3 and Radar L3) for two radars (Radar P3 and Radar L3) and two configurations (o HH
and a_ HH) in six considered soil structures.

sidered soil structures (and even these considered in [127], i.e., BE 320200 and F'I 3580015).

Presented results show that the fairly accurate restoration of the internal signal struc-
ture through the initial propagation path occurs regardless of soil structures and its types in
consecutive horizons as well composition in adjacent layers. In accordance with the proposed
TR measurement assumptions, i.e., Eq. 3.9, the preferably matched signals sir’T" (t) were cre-
ated on the basis of an analysis of backscattered pulse envelopes s,/f’Ti (t) without taking into
account any corrections dependent on soil types in consecutive soil horizons. Therefore con-
sidering the soil structure as unknown system with spatially distributed targets, the pulse
restorations and refocusing occurs unaffectedly. Hence, the proposed method becomes uni-
versal and independent of the type of soil since pulse refocusing occurs for different radars,
polarization and LFM pulse slope. Furthermore, the extension of a conventional SAR sys-
tem by additional acquisition in TR manner can provide a airborne radar system (possible to
define as the TR-AGPR) with subsurface imaging capabilities of the unknown soil structures.
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3.5 Chapter Summary

This chapter presents some considerations about TR, approach for subsurface imaging from
airborne platform. While the TR technique has been used successfully in a wide range of
remote sensing systems (experimentally confirmed advantages), as results from foregoing
considerations its application for high-resolution subsurface imaging requires necessary mod-
ifications of existing imaging methods and, what is most important, intensified efforts in
developing accurate signal processing algorithms.

The impact of dispersions and losses has been discussed throughout the spectrum of
backscattered pulse from two point-like targets imaged at two carrier frequencies with three
different bandwidths. Extension of the signal bandwidth allows one to obtain more accurate
information about tge soil nature which is conveyed in two effects, i.e., irregular attenuation
of the backscattered pulse envelope as well in the distortion of the internal pulse structure.
Moreover, a too narrow bandwidth is unsuitable for subsurface imaging, hence, the precise
knowledge about the naturce of the investigated medium enhance the choice of a larger fre-
quency band and a carrier frequency for subsurface imaging. An analysis of these effects has
led to the hypothesis that the reconstitution of initial prorogation path with a simultaneous
adequate over-amplification lead to the restoration of internal pulse structure. The use of
preferably matched signal to the investigated medium (with a suitable matched non-linear
frequency variation and the envelope modulation) enhance the imaging capabilities. In addi-
tion to many differences with the conventional TR technique, it is applied based on the same
expectation about propagation path reconstruction.

Additionally, the TR measurement scheme has been proposed for TR-AGPR system
in a monostatic configuration and in TR rcflection mode. This TR scheme, designed to
verify the assumed hypothesis, differs significantly from the commonly used TR scenario
performed in transmission mode, and its objective is different in relation to them. Namely,
instead of energy focusing at target location, the aim is to obtain the cumulative-in-time
pulse restoration. Proposed scheme has been validated over a approximated soil structure
for two radars operating at two different carrier frequency both with 200 MHz bandwidth.
Moreover, the refocusing phenomenon was confirmed for each considered soil structure and
buried target location. It has been observed that, although different types of soil exhibiting a
layered structure affect the pulse in their own way, the pulse restoration occurs independently
if these structures.

Finally, an additional acquisition in TR mode, beyond reliance on signal acquired in
initial probing, depends on the mission parameters defined for initial probing (conventional
SAR acquisition). Hence, their proper selection is necessary for the TR-AGPR mission, which
can be successfully carried out over any type of soil structure, in particular, over non-arid
and large areas.
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This chapter addresses the efforts of synthetic aperture application for focussing and
interferometry of buried structure. Based on the introduction to SAR concept (Section 1.3),
the motivations of TR-based SAR imaging of subsurface structures are presented. When the
fine azimuth resolution requires the undistorted range resolution (regardless of its exact value
depending of signal bandwidth), in inhomogeneous structures the TR reveals the azimuth
resolution by restoration of the fine range resolution initially disturbed by impact of the soil.
The imaging geometry in InSAR mode is presented with mission parameters as well the raw
SAR images simulated in assumed geometry are shown and described. To verify the TR impact
on image fomentation method the raw SAR images were focused with the Range-Doppler
Algorithm (RDA) under the assumptions about the unknown soil parameters. As shown in
Chapter 3, when the TR impact on range compression enhance the range resolution, its
applications along Lsg, Tesults in the narrowing and reinforcement of target trajectory over the
clutter background. However, the parameters used for synthesis of azimuth reference function
changed under TR acquisitions. Finally, based on the same assumption about the unknown
soil, the InSAR method has been applied for soil structure reconstruction.
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4.1 TR-based Synthetic Aperture and Interferometry for Sub-
surface Imaging from Airborne Platform

As mentioned in Introduction (Section 1.2), SAR methods were extensively used for imaging
the soil subsurface structure either from airborne platform (shuttle mission) or were com-
bined with other techniques as GPR. The soil nature affects the results of application the
SAR technique causing the problems, among others, related to range defocusing and mis-
placement ([87], and presented in Chapter 2). While, as results from SAR principles, the
azimuth processing is coupled with range processing, hence, range defocusing encountered
over several range (depth) cells distorts the azimuth resolution. Whereas fast-time processing
is the first step leading to a two-dimensional high-resolution imaging, improvement of range
compression is a necessary step to realize the full potential of SAR imaging, in particular, of
the optically invisible soil structure. The works on the InSAR imaging of subsurface layers
were started quite recently [86], whereas the interferometric technique for SAR-based GPR
was presented much earlier [47].

As shown in the previous chapter, the use of TR technique enhance the range com-
pression performed on the backscattered signal recorded at a particular position u, along
synthetic aperture line Lgq,.. Outside the drawbacks resulting from the extension of the effec-
tive time for range compression at u,, (see Fig. 3.6 and Section 3.3.3), the TR leads to focusing
of target at one dominant range cells instead of spreading it into several cells, where a few
of them can have a similar intensity (i.c., apparent targets, sce Fig. 3.8). This, in turn, leads
to range misplacement and wrong assessment of target location. Hence, while TR, reinforces
fast-time processing as seen in Chapter 3, its application also directly affects the quality of
slow-time processing. This dissertation, among other issues, mainly addresses the problem of
synthetic aperture and interferometry application for buried targets detection over non-arid
areas, where the constitutive parameters of soil structure are considered as unknown and
inhomogeneous in depth. In this chapter, the image formation method is applied for differ-
ent configurations of radar systems. Later, complex SAR images are processed with phase
interferometry methods for extraction of additional information (as detailed in Section 1.3.1).

4.1.1 Imaging Geometry

For a complete consideration of the raw data collection scheme, Fig 4.1 shows two spatially
distributed radars (stereo imaging geometry), which are separate by the interferometric base-
line B, orthogonal to velocity vector and at an angle j3;,. The perpendicular baseline 5,
(also referred to as a effective baseline) is a projection of Bj, to the slant range. Assuming
different configuration of these radar, Fig 4.1 shows two different SAR missions. However, for
an identical bandwidths and polarizations of these radars, it shows a InNSAR configuration in
two-pass mode in which the two coupled raw images can be simulated [21]. For the differen-
tiation, in Fig 4.1 one radar is coloured (marked) as the Radar P, second as the Radar L (as
used in the previous chapter, for instance, in Fig. 3.3, and defined in Tab. 3.1). In the case of
considering only one radar, the Fig 4.1 is identical with Fig 2.13 and generally presents the
same situation as in Fig 2.11 and Fig 2.12. The elevation 0.; and azimuth 0,. beam-width of
antcnna pattern arc cqual, i.c., Og1 = 00 and 0,,1 = 04,2, and the antenna gain is modulated
by tapered cosine window along L, with tapers parameter r, = 0.15. The spatial separation
of radars (Master in (0, u,, H,) and Slave in (Az, u,, H, + Ah)) and assumed overlapping
of the main axis of the antenna beam (the Line-of-Sight (LOS)) on the surface leads to dif-
ferent incident angle 6;, i.e., 6;1 # 6;2. Moreover, when the swath centres are co-registered,
their width varies between radar and an effective area under observation is narrowed to the
common part of swaths. Unlike to Fig 2.13, that addressed the geometry for particular po-
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Figure 4.1 Geometry of the InNSAR imaging over a stratified isotropic medium made up from N,
homogeneous, planar and thin layers (the relationship between platforms altitude and layers height is

intentionally disrupted).

sition u,, Fig 4.1 emphasizes problems for buried target imaging along the flight path of
airborne platform (however, not all data have been placed in this figure, in comparison to
Fig 2.13). As previously denoted, the gy stands for target location at surface, and as the
swath centre point (square markers), it determines the line (circular markers) at soil surface
parallel to the velocity vector. The xrggr denotes target surface refraction point, wherein wave
enters the soil structure. As results from Fig 4.1, x7gg is different for considered radars and
moves along the parabolic curve during illumination. In conventional SAR data collection,
where the target is located at terrain, the slant range changes parabolically with a minimum
reached at the position u, = uep,, at which the LOS intersects the target plane (z, tucpa, 2)-
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For subsurface imaging, where the target is buried in soil, the parabolically variations of
the distance can be considered only in relation to z7gy, (located at surface). However, more
interesting are the slant range changes to xrggr along the flight path. Multiple inward and
outward refractions at soil layers and change of the incident angle along L, result in varia-
tion of [X7sr(un), Yrsr(un), 0] at terrain surface, in particular, in strongly inhomogeneous
soil structure. In that structure, the slant range to target buried in soil (the horizontal and
vertical planes), 7(t) (Eq. 3.15), can oscillates along the parabolic curve. Fig. 4.2 shows the
changes of ground distance to zrgr, (top) as well as to zrgp (middle) along L, for six
different targets located at depth z;. Three of these targets (T3, T, T4) are buried under
each other, the others three (Ty, T5, T5) are distributed at the same depth as the shallowest
target of the previous ones along the constant u, position. Apart from the exact values of
mission geometry, Fig. 4.2 shows only a trends in the changes. When it may seem that the
curves of xpgy, (top) and xzpsg (middle) overlap, xpgg is slightly shifted toward the radar.
It is shown in Fig. 4.2 (bottom), where variation z7sr and zrsr has been concentrated on
targets 11, T, and T3, which lie vertically below each other. Whereas the black lines (solid
for Radar P, and dashed for Radar L) represent the ground range to xrsy,, the coloured lines
represent the ground range to xpgg for three buried targets (solid for Radar P, and dashed
for Radar L). Due to the higher altitude of Radar L (Hp2 > Hp1), the dashed lines are wider
(broader footprint on the ground), further they are more curved as well due to lower incident
angle (Oin2 < 8in1). Fig. 4.2c shows that at up, the spacing between zrgp tracks increases
for deeper targets. For these targets, the curve of xrggr moves away from xzrgr towards the
nadir radar track. For InSAR, where the CREP (Fig. 2.8) is the same for both radars (same
operational bandwidth), the drift of x7gr depends on the 0;, which varies along the Lga,. For
two various bandwidth, where the CREP is different, outside depending on the 6;, the drift
of xrsr depends also on the relative refractive index ny.,41 at soil surface and at interfaces
between soil layers. The contribution of the travelling time in soil increases for lower incident
angle, where the relation between travelling time in air to the travelling time in soil decreases.

4.1.2 Simulation Setup

When the mission geometry is known (Fig 4.1), let analyse the mission parameters. Among
others, for azimuth processing the most important are the v,, the PREF and a number of
position (scans) along L., i.e., N,. These parameters, together with the 6;, 0, and 0,
affect both the swath size and the quality of azimuth processing. Too low PRF combined
with a small number of scans Ny and a too high v, lead to an acquisition of the phase history
over a too coarse grid point. Moreover, as presented in Section 2.2, the range of possible PRF
values is determined by mission geometry and parameters as well by radar waveform length.
Given that the higher observation angles result in surface clutter minimization (for example,
see the level of clutter for further slant distances in Fig 3.13 or the ¢* in Fig. 2.18), the 0;;
(for Master radar) was assumed as 0;; = 60°, where typically, for airborne SAR systems, the
0; increases from 45° to around 80°. Furthermore, for the analysis of slow-time processing,
the 0.1 = O = 2.0°. Although this value can be considered as small, from Master radar
altitude Hy, = 3000 m it allows one to cover a swath about the ground width of (see Fig. 4.1)

eell

beir 5) ] ~419.30 m (4.1)

5 ) — tan(0,;1 —

W= Hp [ tan(@n +

which is adequate for the needs of the assumed mission objectives. For registration of the
phase history in a fairly wide angle, the 0,,1 = 0,0 = 10.0°. At assumed 6;1, the dwell
time along swatch centre (square points in Fig. 4.1) equals Tyei1 &~ 14.00 s for Master radar
and assumed platform velocity v, = 75.0 m/s (reachable for the typical light airborne SAR
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platform). For the SAR; the range of possible PRF values equals (see Eq. 2.52 and Eq. 2.53)

27 Hz < PRF}" < 203132 Hz (4.2)
81 Hz < PRFE < 203132 Hz

for Radar P3 and Radar L3, respectively. For the same geometry, the upper limit (Eq. 2.53) is
constant, whereas the higher carrier frequency of Radar L3 (three times as for the Radar P3)
reduces the size of the antenna in the azimuth direction Lg, and hence, the lower limit
(Eq. 2.52) increases threefold.

Foremost, in the default configuration for independent SAR imaging the Slave radar
(always located in SAR3) is spatially separated from Master about Ah = 50 m in height and
Az = 500 m in ground range in order to verify the TR impact on images acquired at different
angles. Almost the horizontal displacement of sensors have reduced the observation angle to

H,tan(6;1) — Ax
H, + Ah

;2 = arctan | | = 56.998° (4.4)

under which 0% (see Fig. 2.18) considerably changes. The interferometric baseline By, is
derived from the Pythagorean theorem

Bin, = VAR? 4+ Az? ~ 502.49 m (4.5)

and the angle between Bj;, and the ground plane is equal to
Ah
Bin = arctan (A—x) ~ 5.7° (4.6)
The perpendicular bascline B, cquals (refer to additional sketch in Fig. 4.1) [22,23]
By, = By sin(¢¥p + Bin) ~ 293.30 m (4.7)

for the 6;; = 60°, where ¥p = w/2 — 6;;. In general, Eq. 4.4 - Eq. 4.7 show the im-
pact of Slave radar shift, which in turn affects the dwell time along swath centre. For
Slave radar the T2 ~ 13.06 s for constant v,. The swath width for Slave radar equals
W2 ~ 359.16 m, (Eq. 4.1 with the H, + Ah and 6;3 instead of H, and 6,1, respectively) and
is located inside the swath of Master radar (as shown in Fig. 4.2). For SAR,, the PRF range
equals (see Eq. 2.52 and Eq. 2.53)

27 Hz < PRFY < 221740 Hz (4.8)
81 Hz < PRFY < 221740 Hz

respectively, for Radar P3 and Radar L3. The lower limits of possible PRF values are constant
for both radars, whereas the shift toward the swath reduced the slant range to its near and far
edges. Hence, as results from Eq. 2.53, the upper limits increase for both radars to 221740 Hz.
In order to ensure uniform sampling along the L., PRF = 150 Hz was assumed for both
radars (also to reduce computational effort and memory saving). The N; = 1500 uniformly
spaced point (linear collection) results in a flight distance equals 750 m for the assumed PRF
and vy,. Therefore, considering the move of the LOS along the Lg,., the SAR; observes a
swath of 750 m x 419.30 m and the SARy of 750 m x 293.30 m. The mission duration time
equals T = 10.0 s.

When this section provides only a general description of the mission parameters re-
lated to its geometry, the radar and waveform parameters are given in Section 3.2 (Fig. 3.3,
Tab. 3.1). For ensuring a fine range resolution and investigation of TR refocusing capability
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in a wide frequency range, the Radar L3 and Radar P3 were selected, both of 200 MHz
bandwidth. Each of them can be used as Master and Slave radar unit in a configuration as in
Fig 4.1. Finally, the N7 = 10 isotropic buried targets were randomly located in soil structure
(from Fig. 2.4) to the depth of a 1.5 m and with a random distribution in y along-track
and x across-track dimension. Conversely to conventional SAR simulations, the simulations
of backscattered returns from buried targets starts as soon as the antenna footprint cover
the [X7rsr(un), Yrsr(un), 0] and stops when it over passed that coordinates. So the cffective
exposure time (or dwell time) is longer than follows from theoretical considerations (Eq. 2.50).

4.1.3 Raw Data Analysis and Comparison

Fig. 4.3 and Fig. 4.4 present the raw data s(f,u) simulated for Radar P3 and Radar L3,
respectively, over six different soil structures (from Fig. 2.4). The Fig. 4.3 compares results
of the Forward Probing (FP) (left column) and the Time-Reversal Probing (TRP) (right
column) simulated for Radar P3 (in geometry of SAR; in Fig. 4.1). Further, the Fig. 4.4
compares results of the FP (left column) and the TRP (right column) simulated for Radar
L3 (in geometry of SARs in Fig. 4.1). The brighter areas in these images represent a stronger
backscattered echoes from buried targets. However, for the set of isotropic targets, the level
(intensity) of backscattered returns mainly depends on the soil effect. White dots represent
the target location at soil surface [X1gr(t;), Yrsr(t;), 2 = 0]. As shown in the first chapter
(Fig. 2.15 and Fig. 2.16), the deeply located targets are more attenuated and blurred by the
clutter. For a given radar (Radar P3 or Radar L3), the differences between the magnitude
of raw images of SAR; and SAR, are slightly different (also within the polarization). How-
ever, the additional figures are not supplemented for comparison, i.e., Radar P3 in SARy
and Radar L3 in SAR;. Since the HH polarization provides the higher penetration depth §
(Eq. 2.86) because of the lower interference backscattering (see Fig. 2.18), results for the HH
polarization are only used in following section of this chapter. Moreover, while in previous
chapter the Fig. 3.8D and Fig. 3.12D present and compare the raw slant range profile of
illuminated scene (i.e., results before range compression) after FP and TRP, the Fig. 4.3 and
Fig. 4.4 present and compare the total raw data s(t,u) before their two-dimensional com-
pression. Vertical lines in the charts represent the near swath edge, swatch centre line and
far swath edge, respectively, all being parallel to flight direction. Extension of the raw data
beyond far swath edge shows the delay of backscattered echoes from objects located in far
swath area. Hence, the adjusted value of PRF (significantly lower than upper limit defined by
Eq. 2.53) allows their correct registration. The background colour in these figures represents
the first layer of soil (refer to the colour scale in Fig. 2.4). For both radar and acquisitions, the
influence of antenna gain on backscattered signal level is apparent in images and the envelope
variation and distortion along the azimuth direction is weak. Results shown in these figures
are presented in linear scale and compared within a given soil structure to prove the impact
of TR technique on the raw data magnitude. Generally, the incorporation of TR technique
into a raw data acquisition scheme (Fig. 3.6) enhanced data collection over almost all soil
structures for Radar P3 (Fig. 4.3) (except the I'T 390925) and for majority of these structures
for Radar L3 (Fig. 4.4) (except the HU 360084 and IT 390925). Outside these structures,
the raw data magnitudes for acquisition in TR mode are more intense and have a uniform
level for particular objects. The backscattered echoes from the buried objects are unified in
amplitude level along their duration (compare Fig. 3.8D and Fig. 3.12D). However, the true
difference between the intensity of Radar P3 and Radar L3 images is distorted by the different
ranges of intensity scale used in these figures. Finally, taking into account the different colour
scales, these two figures indicate the advantages of P band over L band for buried structures
imaging, even considering only a results of FP acquisition.
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Figure 4.3 Raw data (in [dB]) comparison for Radar P3 (SAR;) between FP (left) and TRP (right)
for six considered soils structures.
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Figure 4.4 Raw data (in [dB]) comparison for Radar L3 (SARs) between FP (left) and TRP (right)
for six considered soils structures.
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Radar P3 (f. =400 MHz, B = 200 MHz, HH) (SAR; in Fig. 4.1): For this configura-
tion, expect the raw data for HU 360084, the FP acquisition (left column) gives one
dominant backscattered echoes for the shallowest target, which is slightly modulated by
other objects (interference). For HU 360084, backscattered echoes from more than one
dominant target are visible. The TRP acquisition (right column) resulted in an increase
of the dominant backscattered echo and slightly enhances at least one weaker target from
background clutter for BE 320202, F'I 3580005 and GM 490143. For HU 360084, thc
backscattered returns for six targets are uniformly enhanced. However, for I'l' 390925
and PO 3511382, TRP acquisition reduced the dominate scatterer and other shallow
objects. As shown in the Fig. 3.11, energy normalization by factor K, (¢) depends on
envelope attenuation, and for strongly deformed backscattered signals (due to their high
envelope fluctuation) the envelope of time-reversed signals is inverted both in the time
(mirror reflection) and highly in amplitude (minima changed in maxima and oppositely).
Therefore, in time-reversed radar waveform only one peak have the highest level equal to
Ay, (see Fig. 3.11), and the average signal level is significantly lower that this maximum,
even though the other peaks appear locally in envelope. Strongly amplified frequency
components are in TRP acquisition still attenuated more than the others, hence, the
cnvelope is aligned to the level of low-reinforced components. When the different soil
attenuated the signal envelope in various way, the smoothed envelopes can be lower for
TRP than for FP acquisition, as for I'T" 390925 and PO 3511382.

Radar L3 (f. = 1200 MHz, B =200 MHz, HH) (SAR; in Fig. 4.1): Expect a single
dominant backscattered echo in the FI 3580005, the FP acquisition (left column)
does not revealed the dominant scatterers in other considered structures. Comparing
with FP acquisition for Radar P3, the L band is mostly not suitable for almost all
considered structures, except for these which contain more sand in the upper layers
as F'I 3580005. Hence, a preliminary information about the area intended for imaging
support carrier frequency selection. Besides that, TRP acquisition (right column) reveals
a single dominant backscattered returns in BE 320202, GM 490143 and PO 3511382
as well reinforce that in F'I 3580005. For the other two structures, i.e., HU 360084
and IT 390925, TRP acquisition does not reinforced the backscattered returns level.
Similarly as for Radar P3, the K,(¢) is calculated based on initially attenuated envelope
in FP. Hence, beside that the attenuation mechanism are differed between radars (i.e.,
operational bandwidth), their constant nature in TRP acquisition aligns the envelope
to the level of low-reinforced components. And in HU 360084 and IT 390925 the
backscattered signals are aligned but not reinforced over clutter background.

In the next section the SAR technique is applied for image formation. However, raw
data for both radars are further processed, although the P-band showed higher capabilities
to penetrate the considered structures than L-band.

4.2 Synthetic Aperture Application with TR

In a very simplified manner, the image formation by SAR processor can be identified with
two-dimensional processing along orthogonal dimension recognized as the range and azimuth.
As mentioned in Section 1.3, the range compression is based on the MF approach, that used
a replica of transmitted signal as a reference function, and the range resolution is determined
by radar waveform bandwidth. In azimuth direction, the reference function is synthesised as
the expected Pulse Spread Response (PSR) along the Lg,,, and the azimuth compression can
also be based on the MF approach. In the two compressions, the MF approach correlates an
appropriate reference function with the range or azimuth line. Whereas the range reference
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function is constant for each range line, the azimuth reference function changes for each
azimuth line from near to far slant range (see the chirp rate I, and the exposure time Tien
denoted by Eq. 1.12 and Eq. 1.14, respectively, both depending on the slant range rs).

Up to day, dozens of algorithms have been developed both in the time and frequency
domain. Their derivation and comparison can be found in [5,10,14], among others. The oldest
image formation technique, defined as the Doppler Beam Sharpening (DBS) [3], evolved into
a series of algorithms, which make certain mathematical approximation and exploit a PSR
to focus a spread energy from point target over a series od 1-D range profiles into a point-
like returns in focused image. However, nowadays, these well-defined algorithms are rather
improves and modified, through phase correction related to the unstable platform trajectory
or other methods in general leading to better resolution in azimuth, than completely new
algorithm are developed. In addition, there are also attempts to match the reconstruction
algorithm to illuminated subsurface structure with perfectly known and constant parameters

s [46]. Various data collection modes are closely related to image formation methods. For
broadside Stripmap SAR mode, as assumed in this dissertation (for instance, see Fig. 2.11
and Fig. 2.12), the Range-Doppler and Fourier image formation methods are considered as
preferably tailored. These methods include algorithms such as the Range-Doppler Algorithm
(RDA), the Range Migration Algorithm (RMA) and the Chirp Scaling Algorithm (CSA)
[14]. The former algorithm, i.e., RDA, is the most common algorithm which uses the Doppler
shift along L, to synthesize the azimuth reference function from near to far range and all
operations are performed sequentially in one dimension only. The other two, i.e., RMA and
CSA, are modified version of RDA, in which the full hyperbolic form of PSR is used instead
of its parabolic approximation and where range and azimuth processing may intersect [10].

When the proposed data collection scheme (see Fig. 3.6) incorporates the TR tech-
nique, the raw data (simulated as depicted in Chapter 3) arc processed with RDA to verify
the impact of TR on the range and azimuth compression with MF approach. Whereas the
approximated soil structures (developed in Chapter 2) are used in raw data simulation (to
calculate backscattered signal from buried targets, i.e., deformed amplitude and phase, and
to estimate its exact time delay), the hypothesis about unknown soil is assumed for image
formation, hence, this ranks the work even more challenging than in the case when soil na-
ture is totally known (or even partially). In the following discussion the slant range is directly
determined based on time delay as rg = ct/2, where Arq = ¢/(2fs), since radar operates in
the time domain and f; is sampling frequency. The processing on the backscattered signal is
carried out as if it returns from terrain surface.

4.2.1 Range Compression with TR

After the FP, the MF approach uses the conjugated replica of initially transmitted signal
hf(t) = s{ *(—t), and the range compression can be expressed in frequency domain as

sttt (t) = F 8] o(w) B (@) ] (4.10)

where s{f:é”f (t) ia a 1-D complex range profile of illuminated scene derived from u,, 5’7{ o(w) =
Flsf ()] (for sf.(t) see Fig. 3.8D), H (w) = F[h!(t)], whereas the F[] and F'[] denote
forward and inverse Fourier transform, respectively. As shown in figure Fig. 3.9E, the MF
approach increase the SNR and some strong targets are detected (in case of HU 360084).

For the TRP, the Cross Matched Filtering approach also uses the replica of the trans-
mitted signal. However in the TR scheme, whereas the sffc(t) contains backscattered returns
derived from time-reversed signal (defined by Eq. 3.9), the reference function used in the
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Figure 4.5 Range compressed data (in [dB]) for Radar P3 (SAR;) after FP (left) and TRP (right)
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Figure 4.6 Range compressed data (in [dB]) for Radar L3 (SAR,) after FP (left) and TRP (right)

and for six considered soils structures.
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range compression is the normal replica of initially transmitted signal k" (¢) = s/ (¢). An ad-
ditional conjugation leads to a convolution of two signals in which the frequency changes
have the same slope, then the phase compensation does not occur. Similarly as for the FP,
the range compression in each range line can be expressed in frequency domain as

st (1) = F U Sle(w) H(w) ] (4.11)

“r,c

where s/ (t) ia a 1-D complex range profile of illuminated scene derived from u,, in TRP,

Si(w) = Flsir.(t)] (for s¥.(t) see Fig. 3.12D), H (w) = F[h™(t)]. More targets (even the
weaker ones) are now detected in Fig. 3.12E, even for Radar L3. Hence, an integration of the
TR into a acquisition scheme beyond detection gain results in the use the direct copy of the
transmitted signal s{ (t) as a reference function in range compression instead of its conjugated
time-reversed version s{ *(—t). Fig. 4.5 and Fig. 4.6 present the result of range compression (in
the same convention as Fig. 4.3 and Fig. 4.4). Left columns represents the range compression
after FP, and right after TRP. The images are less extended beyond the far slant edge,
and still, the images are compared within a given soil structure. The gain of TR is clearly
evident in the right columns of both these figures. Firstly, as presented in previous chapter,
TR narrows again the results of range compression, which are now distributed smoothly
along parabolic curves without any apparent targets (side lobes). For FP, these curves are
weaker and blurred (compare HU 360084 for Radar P3) and contain many apparent targets.
Furthermore, whereas the range compression after TR groups together the diffuse energy in
a one range cell with dominant level, the weaker targets are revealed and those existing are
improved (compare F'I 3580005 or PO 3511382 for Radar P3). And finally, when for some
considered soils structures the raw data collected in TRP apparently seem to be worst than
these for FP, the range compression after TRP gives better results in each soils structures,

even if the number of revealed target is the same for FP and TRP.

4.2.2 Range Cell Migration with TR

As stated in Section 1.3, range and azimuth processing are coupled. The instantaneous slant
range changes between radar and target, it not only results in quadratic phase variation along
Lgqr (see Fig. 1.3) but also leads to a range offset (delay) of backscattered echoes that can
rcach a few range cclls. Before the azimuth compression, the target curve (target trajectory)
need to be corrected into a straight line along the azimuth time and located in the same range
cell within series of the 1-D range complex profile. The process of trajectory compensation is
referred to as the Range Cell Migration (RCM). Whereas the target trajectory depends on
slant range in slow-time domain (along azimuth) and for multiple targets at the same slant
range their curves can intersect, in the range-Doppler domain, after F[ ] along the slow-time,
the Doppler spectrum is centralized along Lg,,. Fig. 4.7 show the previously compressed-in-
range images in range-Doppler domain after FP (left) and TRP (right). In order to present
a general overview of the RCM, Fig. 4.7 shows the Doppler spectrum only for the one soil
structure (PO 3511382) and the two radars, Radar P3 (in SAR;, top) and Radar L3 (in
SAR;, bottom). Before the proper RCM, we have to analyse the figures containing the
range-Doppler data. The Doppler frequency is defined as the first derivation of quadratic
phase ¢(u) (see Eq. 1.11)

202 202 2, vp(u —ue)  2v
_ 4% _ %y “ Up c) _ 2U ,
fp(u) = X Tstu = (u—uc) 3 - 3 sin[ff(u)] (4.12)
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Figure 4.7 Range-Doppler (in [dB]) data for Radar P3 (SAR;, top) and Radar L3 (SAR;, bottom)
after FP (left) and TRP (right) for IT 390925.

where f¢(u) is an angle between ground range axis and the projection of the range line
connecting radar and target at soil surface in FP. Three main issues are important for the
RCM, and further, for azimuth compression. Namely:

Whereas the lower frequencies are more distorted in soil, after the FP (left column)
the Doppler spectrum of Radar P3 (top) is more deformed than Radar L3 (bottom).
However, stronger attenuations of the higher frequencies induce the Doppler spectrum is
intensive (for Radar P3) and contribution from more targets are evident (for Radar L3 the
clutter contribute strongly into background). Additionally, random target location along
the Ly, results in asymmetrical Doppler spectrum wider towards the object location
(targets are not symmetrically illuminated).

Considering the particular target at constant slant range, after the FP, Radar L3 has
a wider Doppler spectrum (even these unsymmetrical) than Radar P3 due to a higher
carrier frequency (sce Eq. 4.12).

Application of TR (right column) for both radars leads to wider Doppler spectrum for
particular targets (the effective travelled distance by the radar waveforms is twice in
TRP as in FP) which is conjugated in relation to FP (follows from TR assumption,
Eq. 3.9). Moreover, the same degree of bend at both ends in range direction is spread
widely in Doppler domain.
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When the first two remarks can be derived after an analysis of Fig 4.5 and Fig 4.6 (irrespective
of the soil structure), the last remark is not so obvious for range compressed data. The phase
delay and Doppler shift appears at a distance between radar and target in the FP are not
reset, before the TRP, but, according to the TR, assumptions (Eq. 3.9), these two quantities
are further reproduced (intensified) over the same distance in TRP. Hence, for TRP the RCM
and azimuth processing will be held with different parameters.

In general, the RCM in range-Doppler domain can be performed as a range shift and
data approximation in constant range bins. The amount of range shift AR(u) [11] along Lga,

equals
Ts

cos[ff (u)]

where 0f(u) changes along L. Based on the Pythagorean trigonometric identity, the

Eq. 4.13 changes to
Afp@)?)
AR(u) =7y (1 - (CDU) ) —7Ts (4.14)
2vp

AR(u) =r(u) —1s = — 7 (4.13)

where fp(u) is defined by Eq. 4.12. Hence, defining a corrected slat range for each platform
position, R, (u) =rs + AR(u), the R, (u) equals

2

Ro(u) = rs (1 _ <W>2) o (4.15)

2vp

where fp(u) varies between —PRF'/2 and PRF/2 through N values.

For TRP, which is performed in the same position u, as FP, the amount of range shift is
defined by Eq. 4.13. However, when the distance between the radar and the target is traversed
again, Eq. 4.12 (derived from Eq. 1.11) is multiplied as

2 vy

Bw) =2+ folw) =2

sin[f7(u)] (4.16)

C

Substituting Eq. 4.16 into Eq. 4.13 leads to

v — o (1 (Pefp@) |
R (u)=7s|1 ( > (4.17)

4u,

which differs from Eq. 4.15 by the denominator. For both acquisitions, RCM depends on .
central wavelength, v), platform velocity and fp Doppler frequency. However, a wider Doppler
spectrum in TRP data leads to the RCM with a smaller amount of range shift over wider
Doppler bandwidth.

Fig. 4.8 presents the results of RCM (with same convention as Fig. 4.7). The RCM
leads to correct results for the two radars (Radar P3 (top) and Radar L3 (bottom)) and the
successive acquisitions (FP (left) and TRP (right)). The images in Fig. 4.8 are transformed
back to the slow-time domain by the F~![ ] inverse Fourier transform in azimuth direction.
A comparison of Fig. 4.8 with the corresponding rows in the Fig. 4.5 and Fig. 4.6 shows
that the trajectory of all revealed targets are correctly moved into a straight lines in azimuth
direction (even these which intersect). Application of Eq. 4.14 into TRP data resulted in
excessive range shift towards platform trajectory where both ends of target trajectory ahead
their centre and appeared closer to the Lgg,..
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Figure 4.8 Data (in [dB]) after RCM for Radar P3 (SAR;, top) and Radar L3 (SAR;, bottom)
after FP (left) and TRP (right) for IT 390925.

4.2.3 Azimuth Compression with TR

After the RCM, the azimuth compression can be performed in analogous ways as the range
compression, i.e., in frequency domain by fast convolution. However, for azimuth compression
the reference function is synthesized based on mission geometry and radar parameters. For
a broadside SAR system the Doppler frequency changes lincarly along L, and rcaches the
zero in the middle of Lgs,-. When the radar moves toward the object, fp decreases and it
increases when radar moving away. These changes are even with respect to centre of the Ly,
and results from quadratic changes of phase delay in backscattered signals having a chirp
character. Hence, in general, the azimuth reference function can be expressed in complex
form as [5, 10]

ha(u) = exp(—itKut2), | tu |< Tiwen (4.18)

which corresponds to demodulated baseband signal with LFM structure (compare with term
of jma ft2 in the Eq. 2.93). The K, denotes the Doppler frequency rate and t, varies over
Tawen dwell time. When for range compression the oy and range of the ¢ is strictly defined
and constant for each u,, position (scan), in azimuth compression the K, and Tgyue; depend
on slant range. Thus, the h,(uw) has different length and chirp rate along the Lgg,. for cach
range cell from near to far range. The Lg synthetic aperture length varies within a slant
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range 7, (or illumination angle ;) as (see Fig. 2.12)

B H, B 9, 6,
)=2— ’ l (4.19)

Ls=2rstan | — tan(—), Oi, — — <0, <0;, + —
( 2 Cos (91> 2 2 2

Hence, the T dwell time (specifying the length of the reference function at r4) is computed

as (see Eq. 1.14)

L,
Towel] = — (4.20)
Up

and the number of h, samples equals
Ls- PRF

No = Tgwen - PRF = ———— (4.21)
Up

Furthermore, the K, (the chirp rate of hy) equals (from Eq. 1.12)

. 2 vf)
K, =- (4.22)

Ac Ts

Eq. 4.19 to Eq. 4.22 show how the mission geometry and the radar parameters affect the
azimuth reference function (Eq. 4.18, its effective time length and bandwidth). However,
similarly to RCM, the azimuth reference function for TRP is different from that of the FP,
i.e., h" # h,. For the same imaging geometry

Ls=L" = Twen=Thau = No=NI (4.23)

but wider and conjuncted Doppler spectrum (as shown in Fig. 4.7) leads to

2 v?
Kf=-2-K,=2-—2% 4.24
u u Ac s ( )
Therefore, substituting Eq. 4.24 into Eq. 4.18 results in a pair of
ha(u) = exp(—jimKut2), |ty |< Tawen (4.25)
hy (u) = exp( j20Kuty), |t |< Thye (4.26)

taking into account relations indicated in the Eq. 4.23. Fig. 4.9 compares the azimuth reference
functions synthesised for Radar P3 (SAR;) in FP (top) and TRP (bottom) at near R, centre
R. and far Ry slant range of observed swath. The azimuth reference function is modulated by
the antenna gain along L, (tapered cosine window with tapers parameter 7, = 0.21). When
these functions have equal duration at constant range for FP and TRP (left column) the
corresponding spectrum hi" is twice wider as the h, (right column). Since h, and k%" have
the same sign of real parts, the Fig. 4.9 (left column) compares imaginary parts to reveal
their conjugated character along L. In slow-time domain, the duration of the azimuth
reference function increases in accordance with the FEq. 4.20 for both acquisitions. In the
Doppler frequency domain, the two spectra are centred around zero Doppler centroid (zero
squint angle), but reference function at cach range bins in TRP has a wider spectrum than
for FP. Similarly to range compression, by applying the MF approach azimuth compression,
in the frequency domain, is performed as

st (u) = F U ST (wa) H (wa) ] (4.27)
s (u) = F [ S5 (wa) H (wa) | (4.28)
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Figure 4.9 The azimuth reference function synthesised for Radar P3 for FP (top) and TR (bottom):
comparison of the imaginary part (left), normalized spectrum magnitude (right).

where SJ(w,) (SY(wy,)) represents successive azimuth lines transformed by forward Fourier
transform and HJ(w,) (H! (w,)) represent azimuth reference function in frequency domain
(their Fourier transform), respectively for FP and TRP.

Finally, applying the RCM and azimuth compression to the data presented in Fig. 4.5
and Fig. 4.6 the two-dimensional images are formed (shown in Fig. 4.10 and Fig. 4.11, in the
same convention as the previous ones). For a complete comparison between the images, by
taking into account the impact of the soil, images in these figures are not normalized to the
most intense onc within a given radar and the same colour scale is applied within a radar.
When it seems that images for Radar L3 are batter focused (no sidelobes), in fact, they are
weaker and sidelobes are hidden in the background interference (raw images for Radar L3
are more attenuated than for Radar P3). Maximum intensity peak for TRP and Radar P3
appeared in F'I 3580005 and equals —4.85 dB whereas for Radar L3 in the same structure
equals —15.04 dB. This difference is similar to the difference between raw data of considered
radars (see Fig. 3.13), however, it has been slightly increased by azimuth processing. Similarly
as for range compression, not all revealed objects in the FP appear in the TRP images (in
particular, for Radar P3 and GM 490143) which is caused by assumed energy normalization
method.
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Figure 4.10 Focused images (in [dB]) for Radar P3 (SAR;) after FP (left) and TRP (right) and
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Figure 4.12 Comparison of the focused image projections along the L, for Radar P3 (top) and
Radar L3 (bottom)

4.2.4 Discussion

The impact of the TR technique on range resolution and target location having been pre-
sented in Chapter 3 (Fig. 3.15). Fig. 4.12 shows the impact of TR on azimuth resolution
by comparison of the projection of the focused imaged along the azimuth axis for one soil
structure (PO 3511382) and for Radar P3 (top) and Radar L3 (bottom). In FP (black lines)
the background level is higher for Radar .3 and not all the targets are revealed by this radar
(7%) and some are only barely seen (1}, T5 and Tg). When the pulse distortion is stronger for
Radar P3 (top) the impact of TR is more visible for this radar. In general, for Radar P3 the
TR leads to slightly narrower and higher targets peaks (for 75 to 73) and strongly narrower
(for T} and Tyg). In the case of Ty and Ty, the TR helps in their separation where in FP the
T5 is masked in the Tg. Whereas the background level after TR is slightly higher for certain
aperture lengths, the obtained azimuth resolution is significantly improved thus leading to
the enhancement of the target detection. For Radar L3 (bottom), where pulse distortion is
lower the target level (T1, Ty, T3 and Tyg) is slightly higher after TRP. However, the azimuth
resolution is slightly improved but not as much as for Radar P3 and the background level
in lower in TRP along the entire aperture length. For both radars, the TR provides lower
sidelobes level around revealed targets as well as higher mainlobe levels. These consideration
can be generalized to other soil structures, with regard to a different number of objects to be
detected and different magnitude.

The analysis of Fig. 4.12 shows the potential of TR. Whereas the fine range resolution
is required for a fine azimuth resolution, the application of the TR does not improve the
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azimuth resolution (directly) but enhances it by improving the range resolution (see Fig. 3.13).
Moreover, although lower frequencies have greater potential to penetrate inside the soil (with
drawbacks of stronger pulse distortion), the TR overcomes these drawbacks and allows us to
use the lowest possible frequencies (collected over wide bandwidth) for deeper penetration
depth and finer resolution. For higher frequencies, where the pulse distortion is weaker, the
TR also enhance resolution, but deeper penetration is prevented by stronger attenuation.
Hencee, the TR makes the lower frequencics more attractive of subsurface imaging and buried
object detection. However, still the soil affects their imaging and detection, in particular,
when the first soil layers are formed up by highly clayey compositions (as the IT 390925).

4.3 Interferometry Application with TR

As mentioned at the beginning of the chapter and in the Introduction, the efforts to apply
the InSAR processing for subsurface reconstruction have been taken fairly recently and are
a relatively new issue in remote sensing domain.

The raw data compressed in previous section with RDA were simulated in the geometry
which does not fully coincide with the modern airborne SAR systems with InSAR capabilities,
where the baseline is much shorter (with respect to Fig. 4.1). Hence, for the InSAR imaging
of subsurface structure, the previously assumed gecometry is changed to fit to these systems.
Foremost, the Slave radar is moved to common platform with Master radar, and baseline
B;y, is assumed as horizontal and equals now B;, = 10 m (to antennas at located under
different plane wings). However, both radarss still operate with their own transmitter and
receiver. For horizontal baseline the Ah = 0 m and f3;, = 0 ° (Eq. 4.7 and Eq. 1.25 simplified).
The conventional SAR operates in free space over continuous terrain topography, and later,
InSAR processing results in continuous terrain model not distorted by unexpected phases
changes that influence the interferogram. For subsurface imaging, which depend on target
depth, the soil parameters and incident angle, the phase may change unpredictably even for
slightly different incident angles separated by a small baseline. Hence, to verify the InSAR,
the number of point-like targets is limited to Ny = 1. It also allows us to reduce the InSAR
processing over smaller area in compressed images. To simplify the discussion, the main steps
of InSAR processing are presented for one soil structure after TRP and only for Radar P3.

Similarly to the SAR application, since the soil is assumed to be unknown, the InNSAR
is applied as if the focused images represent terrain returns.

4.3.1 Image Coregistration

Focused images presented in Fig. 4.10 and Fig. 4.11 are defined in azimuth displacement
(flight path, which is the same for SAR; and SAR3) and in relative slant range, which is
different in the range but have the same grid (inversely proportional to the fs radar sampling
frequency). Morcover, the width of swath is different. Hence, for InSAR application, com-
pressed image should be first narrowed to the common area and later coregistered in common
grid in ground range dimension. The parallel and constant baseline does not impose coreg-
istration in azimuth direction. The transformation to horizontal distance along the ground
(with taking into account the slave radar shift Az) is given by (compare with Eq. 2.51)

0@l %

t
re = Ax +rgsin(6;) = Az + % sin(0;), Oirn, — o <0; < 0;, + 5 (4.29)

where Az = 0 for SAR; and Az # 0 for SAR,. The result of ground range transformation
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Figure 4.13 Results of image coregistration (normalized scale): original Master (top-left) and Slave
(bottom-left) images and coregistred images. Unchanged and narrowed Master (top-right) and resam-
pled and narrowed Slave (bottom-right) images.

of new SAR images (zoomed in azimuth direction) is presented in Fig. 4.13 (left column)
for SAR; (top) and SARy (bottom). When the baseline is small, the difference in ground
range in not so evident. After transformation from the uniformly sampled slant range, since
Oin1 > Oin2 and Hpy = Hpo, the ground range for slave radar have larger grid step than for
master radar. When the common area of both images is found (around the considered object),
the ground range vector of SAR; (master image) is used as reference vector for slave image
coregistration. In coregistration process, the master image remains unchanged, whereas the
slave image is resampled and interpolated along ground axis to obtain the same grid as in
reference vector. Final results of image coregistration are presented in Fig. 4.13 (right column,
limited to the area with the objects).

4.3.2 Interferogram Generation

According to Eq. 1.19, the interferogram is produced by pixel-by-pixel multiplication of master
image by conjugated slave image. The Fig. 4.14 (top-left) shows the ¢"" interferometric
phase difference (Eq. 1.20) of the x(r,y) interferogram (Eq. 1.19) created based on the two
previously coregistered images in changed geometry. The 7(r,y) coherence map evaluates the
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Figure 4.14 The step of interferogram gencration: (top-left) the 4" (r,y) interferogram, (top-right)
the module of coherence map n(r,y) and its argument (bottom-right), the ¢ ,(r,y) flat-earth phase
model (bottom-left).

correlation between compressed images [20, 23]

> [on(r,y)at (ry) x expl ()]
(ryy)ew

uiry) = W > oL(ny) © ok(ny)

r,y)EW (ry)ew

(4.30)

over moving window W (number of pixels in each dimension is proportional to resolution cell
size). Fig. 4.14 shows the module of 7(r, y) (top-right) and argument of n(r, y) (bottom-right).
Coherence map evaluate the normalized complex correlation between the acquisitions and its
value varies from 0.0 (total decorrelation, the interferometric phase contains only the noise)
to 1.0 (perfect correlation, the total absence of noise). Hence, the better coherence map the
interferogram is more confident. In Eq. 4.30 1f(r,y) represents the model of flat earth phase
(see Eq. 1.25) used for removal of phase fringes from the interferogram. For parallel flight path
the phase variation are linearly dependent only on slant range (see Fig. 4.14 (bottom-left)).
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For Radar L3, these fringes are more dense. In Fig. 4.14 (bottom-left), the black rectangle
covers an area in which the InSAR processing is applied.

The phase changes in the ™" (r,y) interferogram oscillate around zero (soil surface is
assumed as flat) with dominant phase value in target location. However, the characteristic
fringes (as for terrain interferogram) are not present. For assumed baseline the hg,p =~ 390 m
(similar to the swath width), and whereas the soil is assumed as flat (no topography) the phase
shifts from 7 to —7 do not occur. Potentially, to significantly decrease hqpp (to few meters),
the interferoemtric baseline B;, must be extended to several hundred meters, which can result
in lower correlation between images. However, when the subsurface imaging is considered, the
restrictions on baseline length are no longer applied. For constant homogeneous structures,
where the phase shift is determine by 3 (see Eq. 2.83) the baseline length and the hgpp can
be mutually matched. For inhomogeneous and unknown medium as the soil structure, where
phase shifts in thin layer vary rapidly, the 4. is impossible to determine before acquiring in
InSAR mode. A possible solution consists of several (or dozen) independent flights correlated
with an initial reference flight by changing baseline length and later analysis of the subsequent
images. In the considered arca, the coherence map rcaches the maximum value. However,
around target location the coherence slightly decreases. The moving window W has 3 x 9
pixels in range and azimuth (proportional to resolution cell size), respectively, hence, the
slight decorrelation around target area is extended in azimuth direction.

4.3.3 Phase Unwrapping

The phase unwrapping step is considered as the key point of InSAR processing [23] and cannot
be simply performed as one dimensional operation along the range or azimuth line in the
complex and wide interferogram. According to Eq. 1.29, the phase unwrapping aims at adding
the multiple value of 27 to wrapped phase. Whereas the SAR processing is still developing,
the two-dimensional phase unwrapping is also an active research area, in particular, directed
towards the generation of accurate DEM. However, development of a new method of phase
unwrapping is beyond the scope of this dissertation.

For subsurface interferometry, the application of most commonly used phase unwrap-
ping techniques is challenging. First of all, these methods need a predicable phase changes
through the interferogram (result from changes in terrain topography). Even sudden changes
in topography can be recreated in DEM with robust algorithms. Later, in the soil, where
phase difference results from range to the entry point as well, what makes it the worst sce-
nario, from cumulative-in-time (up and down) propagation in soil through multiple layers.
Therefore, where relative path distance between radars and buried targets may differs mul-
tiples of 27, the influence of soil introduces irregularity by unpredicted phase shifts which
lead to false interferograms. Finally, when in terrain imaging, the presence of a dominant
scatterer in a resolution cell is required for smooth interferogram changes, for subsurface
imaging, the backscattered pulse is attenuated and it contributes to interferogram in a slight
manner. However, taking this limitations into account, Fig. 4.15 shows the soils structure
created based on argument of n(r,y) (top) and interferogram (bottom) after FP (left) and
TRP (right), respectively. The bottom of each figure represents soil surface. Structures ob-
tained after FP (left column) contain two clear peaks (target energy split into two targets,
original and ghost) whereas in the TRP (right column) one dominant peak occurs. Results
created based on coherence map (top) are weaker and wider in azimuth direction, and target
reconstructed after TRP is lower than after FP (results from assumed energy normalization
factor). Targets reconstructed based on the interferograms (bottom) are finer and stronger.
The application of TR leads to approximately twice stronger target reconstruction over con-
ventional FP due to the intensified phase difference over the same propagation path. This
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Reconstructed soil structure based on coherence map (top) and interferogram (bottom)
for FP (left) and TRP (rigth).

comparison and analysis shows the potential of the TR technique in subsurface structure
reconstruction. Similar results were obscerved for other considered soils structures.

4.3.4 Discussion

Application of the InNSAR with TR processing for target reconstruction shows same promising
results, in particular, comparing the result of FP and TRP processing. Similar results were
obtained for other considered soil structures, where TRP enhances phase difference between
coregistered images. When the phase of individual pixel results from range to entry point and
effective propagation path in soil, the interferogram does not represent subsurface topography
of soil structure but its shifted form. Moreover, beyond the different phase shift along the
propagation path in soil, the phase of individual pixel in compressed images depends on
the relative slant range to entry point. Where the entry points varies with incident angles,
the additional phase shift affects the intergerofram *"(r,y). Due to the refocusing ability,
the TR technique reverses propagation path (targets are correctly focused) and intensifies
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phase different that enhanced the interferograms, which leads to high potential for subsurface
reconstruction.

To fully investigate the ability of INSAR processing, the differential InNSAR method were
applied for interferogram generation. When the topographic deformation can be identified
as different target locations in the FP and TRP images formed for the same radar (SAR;
or SAR,), the different values of the parameters used in azimuth compression completely
decorrelates the interferogram.

4.4 Chapter Summary

In this Chapter, the TR-based SAR were applied for subsurface imaging in inhomogeneous
and unknown medium. Assuming that the imaging geometry and parameters of the AGPR as
well as the soil dielectric constants are all sufficient to give acceptable ground penetration, the
raw data were simulated with the use of six different soils structures and two radar (P and L
band). The mission geometry in simulation has been adapted to existing systems in order to
maximize the reality of the mission scenarios. For image formation, the soil was assumed as
unknown However, in simulation the exact delay of backscattered pulse and its deformation
(envelope and inner structure) were calculated with known soil parameters. As presented,
the P band (Fig. 4.3) has higher potential for subsurface imaging than L band (Fig. 4.4).
When in conventional subsurface imaging, the P band leads to a greater distortion than L
band (which is the drawback of P band), its lower attenuations allows better acquisitions
(stronger backscattered echoes). Hence, based on TR assumption, additional acquisitions in
TR manner use the signals that are preferably matched to probing medium. The more signal
is distorted in initial propagation the better it will restored in TR propagation (compare left
and right columns in mentioned figures).

Common image formation method, the RDA, was applied to verify the impact of TR on
the ability to synthesize of SAR image. As shown, when the range compression in performed
with normal replica of transmitted signal, the RCM (Fig. 4.7, Fig. 4.8) and azimuth reference
function (Fig. 4.9) requires a parameter change which take into account the intensification
of phase shift in TRP. Therefore, TR affects both range and azimuth compression in image
formation method (as shown on the basis of the RDA) and leads to better focused images
(right columns in Fig. 4.10 and Fig. 4.11). Comparison of azimuth profiles shows that TR
revealed the fine azimuth resolution by pulse recovering. The phase shift intensification will
certainly affect other image formation algorithms, but thus analysis is left as future works.
An application of the InNSAR processing shows a potential advantages of TR approach in re-
lation to the conventional SAR. Phase intensification introduced by TR approach reinforces
phase difference in the intergerogram. With respect to single point scenario, the target recon-
struction worked better for TRP than for FP. However, the analysis of complete potential
of TR-based InSAR imaging requires a properly defined ambiguity height hg,,, (depth) with
respect to baseline length (to avoid image decorrelation). That analysis should be performed
in relation to real data.
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CONCLUSIONS AND
FUTURE WORK

5.1 Summary

Direct application of SAR techniques for subsurface imaging suffers image defocusing. While
the fine range resolution is required for azimuth processing, the soil affects the radar waveform
and backscattered pulse causing the pulse distortion and range defocusing. The refocusing
ability of TR technique, successfully confirmed in many experiments in remote sensing, shows
a potential in the pulse restoration and refocusing in inhomogeneous media such as the soil. In
this work, the TR-based SAR imaging was proposed for focusing and interferometry of buried
structures located in inhomogeneous soil. Firstly, we have presented the soil effects over the
radar pulse in various ways appropriately to the soil texture as well signal bandwidth. When
the soil structure is known (homogeneous and constant during acquisition) the refocusing
algorithms can be matched to the investigated medium. However, the soils structure vary
over the Earth and its parameters continuously change. Hence, the matched reconstruction
algorithm works only in laboratory conditions. Therefore, to make the SAR imaging indepen-
dent from investigated structure and the used operational bandwidth, we propose an imaging
technique based on TR, approach, for which the initially recorded signals are time-reversed
and transmitted back towards the investigated medium. Whereas the acquisitions in such a
way requires modification of mission parameters and also radar resources, the results show
that time-reversed pulse is preferably matched to investigated medium and the pulse recon-
struction occurs along the propagation path. The MF approach allows the energy refocusion
and enhances the target detection after Time-Reversal Probing. An application of image for-
mation method (a common RDA) leads to correct image synthesis with the use of modified
parameters derived for the RCM and the azimuth compression. Finally, the InSAR processing
for simple scenario has confirmed the potential of TR application for subsurface structure
focusing and interferometry.

5.2 Contributions

The following sections outline the contributions of this dissertation which can be recognized
as major and minor.

e The image formation method was proposed and verified for focusing the energy backscat-
tered from buried target located inside inhomogeneous structure. The proposed method
is independent from investigated medium and works well for targets located at different
depth and incident angles. Moreover, proposed methods exploit the wider signal band-
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width making the subsurface imaging much more efficient than conventional imaging, in
particular, in lower frequencies where pulse distortion is stronger. By waveform diver-
sity, the TR acquisition use the matched source signal for optimal probing of investigated
structure. Reconstructed signals are correctly focused in range dimension.

e In azimuth direction, the proposed method enforces a modification of parameters used
in azimuth compression. As shown based on the RDA, due the intensification of phase
shift along the synthetic aperture the RCM and azimuth processing needs a modification
of their parameters for correct focusing.

e Considerations presented through the work about proposed imaging method shows that
incorporation of TR acquisition requires modification of the radar resources and mission
parameters. Most of all, to ensure additional transmission and acquisition, the PRF must
be suitable selected, also in relation to further azimuth processing. Secondly, the radar
dynamic range should provide both correct registration of weak backscattered signals as
well the transmission of strongly amplified signals in TR mode. This requirement may
be slightly mitigated by highly directional antenna with the drawbacks of increasing its
size. The considerations can be used to modify the actual airborne SAR system with
interferometric capabilities.

e The modelled soil structure, based on real database, shows the diversity of subsurface
soil geological structures as well their variety over particular countries. When simply
precipitation history is assumed and used in water profile simulation, the presented
results show that the dielectric constant of soil consist of similar values (grouped in
horizons with various height) which mingle with each other. When in shallow depths the
strong variation of water profile determinates strong variation of dielectric constant, in
deeper depths, dielectric constant may increase or decrease in piecewise manner strongly
related to soil texture.

5.3 Recommendation for Future Work

In additions to the studies presented through this dissertation, the work reveals direction of
further investigations or experiments. Some of these directions are as follows:

e First and foremost, when the simulation adapted the mission geometry related to cur-
rently operating airborne SAR system with InSAR capabilities, the real mission must be
carried out for data acquisition as well to validate the correct selection of mission param-
eters. The required modification of these system can be done based on the consideration
presented through this work.

e First of possible investigation is an analysis of TR impact of other images formation
algorithm, as the RMA or CSA. Where in the RDA the two-dimensional processing is
separated, an application of TR may leads to more crucial modification introduced at
various processing stages, which are overlapping. Therefore the use of these algorithms
requires more attention when used in subsurface imaging in TR mode.

e Secondly, assuming the positive results of real missions over non-arid areas, the interfero-
metric methods can be investigated over the real data. Beyond final structure reconstruc-
tion, the additional investigation should deduce a relationship between the parameters of
the mission and both the ambiguous depth and baseline length. In order to support the
subsurface structure reconstruction, the InNSAR system may consist of two subsystems
using TR mode and operating in two different bandwidth: one for terrain topography
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and second for subsurface imaging (the solutions proposed in [86], where Ka-band system
map the terrain topography and the VHF band system map the subsurface topography,
however, both operate in conventional mode).



APPENDIX

INTRODUCTION TO
GEOLOGICAL SOIL
TEXTURE

Soil is composed of the mineral particles, organic matter (both decomposed and unde-
composed one), water and air [125,126]. Organic matter originates from residues of plants
or animals (pieces of bones or putrefying leaves), mineral particles originate from the degra-
dation of rocks. This mixture, widespread in the Earth surface, is arranged in a structure
with varied texture, different geological and hydrological parameters assigned to the spatial
coordinates (z,y,z), which can be identified with displacement, i.e., z along and y across
axis, and with z depth. An example of soil composition averaged over the sample soil volume,
with 5%, 20%, 30% and 45% percentages of organic matter, air, water, and mineral particles,
respectively, is shown in Fig. A.1. Their percentages vary with spatial coordinates (z,y, z)
and can be transformed into one-, two- or three-dimensional profile for each component. Since
Fig. A.1 represents only the averaged and quantitative information over sample soil volume,
the Fig. A.2 shows the pictorial cross-section of the soil structure. It might scem that minceral
particles touch each other, however, the space occurs between them. The spaces between
mineral particles are called pores and they can be filled with air or water. For dry soil, the
pores are mainly filled with air. However, after rainfall or irrigation and due to the water
infiltration process, the air is forced out (replaced) by water. The fraction of space filled by
water or air in the soil volume is defined as p porosity, or void fraction. Porosity can vary
between 0 and 1, and also can be represented in percent terms. Moreover, porosity remains
constant even when the amount of water and air changing in time.

While free water and air can move within the soil volume, due to the evaporation and
infiltration process, the mineral particles mainly retain their location. Their distinctive size
differ widely and is used in particles classification as follows: particles smaller than 0.002 mm
are classified as clay; particles greater than 0.002 mm and smaller than 0.05 mm are classified
as silt; particles greater than 0.05 mm and smaller than 2.0 mm are classified as sand. Also
particles greater than 2.0 mm occurs and are classified gravel. Only the three first particle
types are taking into account in determination of the soil texture. Sand is predominant in
coarse textured soils (sandy soils), while in medium textured soils silt is predominant (loamy
soils) and in fine textured soils clay is predominant (clayey soils). The fundamental method
for classifying the soil types has been gathered in the form of soil textural triangle, based on
the relationships between percentages of different particles size, i.e., clay, silt and sand, and
where the axes are located on the sides of the triangle. Various texture classification systems
are developed, and divide the soil textural triangle in varying numbers of differently shaped
soil textural classes [133, Fig. 1]. For example, the soil textural triangle developed by the US
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Figure A.2 The illustrative sketch of cross-section of the soil structure.

Department of Agriculture (USDA)! consists of the twelve classes of unequal areas, ranging
from homogeneous (in the vertices of triangle: sand, silt, clay) to highly mixed (in the centre
of triangle: loam). On the contrary to textural classification of soil type, the hydrologically
motivated classification methods are also developed [133]. Overall, the strong variation of
the soil across the world makes the measurements of soil physical parameters not possible,
and mostly a statistical approach for its estimation is used [150]. Each group of soils have
characteristic hydraulic parameters, for instance, infiltration rate, which is also dependent
from the particles size. For coarse texture, i.e., with large particles and pores size, the water
moves more easily into the soil than for fine textured soils. Moreover, infiltration rate depends
on initial moisture profile.

Due to the natural land development process, the most significant and crucial changes
of the soil structure are observed in z depth dimension, in which soil exhibits horizontal-
layered structure (planar or rough) of different horizon heights. In remaining dimension,

Soil Textural Triangle available at: http://ims.eid.org/homepage/Images,/Soil Triangle.jpg
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(a) The cross-section of soil profile (partially weathered) (b) Information board with the soil profiles

Figure A.3 Real geological soil profile (left) and comparison of examples one (right) in the protected
reserve Rezerwat Jata (Lukéw commune, Poland).

i.e. along x and across y axis, soil structure shows a less significant variations over con-
sidered soil polygon. Observation of the pit in the ground, down to few meters, gives an
information about the horizontally arranged layers, different in height, composition and
colour. These layers are called soil horizons. Fig. A.3 shows an example of soil profile
(down to 1 m, partially weathered) in the protected reserve Rezerwat Jata (Lukéw com-
mune, Poland). Unfortunately, a vast land surface, about 29% of the Earth’s, makes diffi-
cult to observe its geological texture. Thus, the soil texture profiles are prepared for rep-
resentative polygon sites and stored in geological databases. One of a such soil database is
the Soil Profile Analytical Database for Europe (SPADE-2) (Version 2.0 Beta, March 2009)
[197,198], which is created and provided on-demand by the European Commission Joint Re-
search Centre (The Institute for Environment and Sustainability). The SPADE-2 contains
the 3045 Soil Typological Unit (STU) profiles from the 17 European countries. The single
STU contains averaged information about soil texture of the selected volume of ground, and
is organized as a column vector defined in the depth dimension and presents information,
among others, about percentage of clay ¢;, percentage of silt s;, percentage of sand sy and
bulk density pp as well as about the nomenclature name and the upper z,;, and lower Zgoun
depth of the successive horizons. Moreover, STU contains information about the country of
origin, organic carbon and acidity. Unfortunately, despite the similarities in the number of
horizons between the STU profiles from different country, the STU profiles are limited in the
maximum depth to which they are specified. This value is varying from 0.80 m to 2.00 m,
according to the measuring standards in a given country. Single horizon in the STU repre-
sents distinguishable soil texture related to the depth range, limited between the upper z,,
and lower zgown depth. In general, in certain STU, despite the clear differences in soil tex-
ture, the two consecutive horizons represent the same class of soil (for instance, BE 320202,
G DM 490143). In another one, slight differences in the soil texture, sometimes even just in
the only one component, caused the change of soil class (for instance, HU 360084). The ar-
rangements of soil horizons and the change of the soil type for six STU profiles were shown in
Fig. A.4 and in Fig. A.5, respectively. When the depth is naturally identified with absolute
value, the z depth axis in Fig. A.4 is presented in the negative convention. Fig. A.4 shows
the arrangements of soil horizons for six arbitrary chosen STU profiles from SPADE-2, i.e.,
a) from Belgium BE' 320202, b) from Finland FI 3580005, c¢) from Germany GM 490143,
d) from Hungary HU 360084, e) from Italy I'T 390925, and f) from Portugal PO 3511382.
Each line on a single plot represents the percentages of sand (orange), silt (red), clay (blue)
and bulk density (magenta), respectively, for each STU profile. The top x abscissa axis rep-
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Figure A.4 Soil texture composition of six STU profiles from SPADE-2: percentage content of ¢
clay, s; silt and s4 sand, and value of bulk density pp.

resents the percentages value of the soil texture (defined from 0% to 100%), while bottom
abscissa axis represents the value of the bulk density (from 0 g/cm® to 2.5 g/cm®). As was
mentioned, maximum depth of STU differ depending on the countries, and none information
is given for the depth below maximum depth of the profile. Four of the six STU profiles con-
tain five horizons with different texture, while two of them, i.e., BE 320202 and PO 3511382,
are made up of only four horizons. Three STU profiles, i.e., F'I 3580005, HU 360084 and
PO 3511382, contain clearly dominant value of one particles size thorough all horizons, and
for all of them sand is dominant. The remaining profiles present variable texture through
horizons. STU IT 390925 shows the greatest variation of textures. Furthermore, the value of
the bulk density changes within the profile. Generally, it changes between every horizon. But
sometimes, it remains constant in two successive horizons (for instance, in third and fourth
horizon of BE 320202, from sccond to fifth horizon of F'I 3580005, cct.) and also it changing
in spite of constant texture (as in second and third horizon of GM 490143). Moreover, the
changes of soil horizons were plotted on the soil textural triangle and shown in Fig. A.5.
The texture changes are strongly emphasized and the change of soil along STU profile is
clearly visible. These two figures distinctly depict the complicated nature of the soil and its
horizontally layered structure, which stems from centuries of natural soil-forming processes.
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Figure A.5 Soil texture composition represented on the soil textural triangle.

The mentioned STU profiles were used in Chapter 1 for modelling of the subsurface soil
structure, and later, for calculation of soil dielectric constant with the use of hydrologically-
and geologically-motivated approach (by pedotransfer function proposed by Peplinski et. al
[159]).
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TIME-REVERSAL
MEASUREMENT
SCHEME

The prototype TR-based experiment [90] assumed the complete source surroundings by
independent transceivers on each side (so-called full aspect configuration). This is equivalent
of placing the omnidirectional source inside the sphere which is packed with these transceivers.
From a theoretical point of view, it is possible, but in practice, for directional source it is
unnecessary. Hence, in practice, the TR experiment is often performed by a set of inde-
pendent transceivers, co-located to each other and creating the synthetic aperture, so-called
Time-Reversal Array (TRA) [88-90,92]. TRA acts like as spatial mirror, consisting of set of
independent point mirror, which record (absorbs) EM wave and transmits its in the reverse
order (as the LIFO memory). In detail, TR measurement consists of three steps linked to
and performed directly after previous step. TR measurement scheme (transmission mode) in
homogeneous medium with a set of discrete scatterers carried out by directional source and
TRA is shown in Fig. 3.1 and composcd as follows:

o Forward Propagation (Fig. B.1(a)): Point directional source located at r, emits a
UWRB pulse s(¢), of Es energy and 7 duration, through homogeneous scattering medium.
Simultaneously, transceivers, arranged into TRA of aperture length Ly and located at
L4 distance, are starting to record the relevant part of the transmitted signal. Both the
source and transceivers have the same time-line. In frequency domain, the signal recorded
by transceiver V7' (w) located at 74 is

Yi(w) = S(w)Ho,i(w) (B.1)

where S(w) = F[s(t)] is Fourier transform of s(¢) transmitted signal. Hp ;(w) = F[ho,(t)]
is Fourier transform of the hg;(t) impulse response of the unique propagation path
between source and transceivers. As shown in Fig B.1(a) hg;(t) can have indefinite
shape, and hence, a length of unique time delay. Besides the amount of energy absorbed
(recorded) by set of transceivers, a part of energy, due to the multipath propagation,
spreads beyond the TRA. This causes the information loss, and total energy recorder
by TRA, i.e., Erpa = Efil F;, is smaller than Ey. Registration of transmitted signal is
finished after a sufficiently long period 7;. of time.

o Time-Reversal Operation (Fig. B.1(b)): Before re-transmission, the recorded signal
is normalized (by factor K;) and reversed in time (7] ]). Energy Normalization (EN)
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provides the signals re-transmitted by the TRA will have the same level of energy as
E5. After normalization and reversing in time, y!"(#) becomes a mirror reflection of y;(¢),
i.e., ¥ (t) = yi(T, —t), which corresponds to phase conjunction

Vi (w) = ¥ (w) (B.2)

Backward Propagation (Fig. B.1(c)): At the same time, transceivers, located at
T;, begin to re-transmit y!"(¢). As results from reciprocity, hy, o (t) = hyy s (t), hence,
retransmitted signal should precisely retrace the path of original wave and converge to
refocus in the region centred at the initial source location ry. Moreover, during back-
propagation any distortion of wave should be compensated. However, similarly as in the
Forward Propagation, loss of information reappears.
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Résumé

Ce manuscrit aborde le probléme de I'application de la synthése d’ouverture
radar et des techniques d'interférométrie, pour des radars (sur satellites ou
aéroporté) ayant pour but d'imager la sous surface de zones non-arides (en
général inconnues) pour des applications de défense et civiles. Les résul-
tats expérimentaux, publiés jusqu'ici, monfrent que les radars a synthese
d'ouverture aéroportés peuvent atteindre des profondeurs de pénéfration
de plusieurs métres dans un sol homogene et sec. Cependant, de felles
zones se rencontrent rarement dans la natfure, et donc I'intérét d'appliquer
les techniques usuelles d'imagerie RS0 décroft forfement pour les autres
types de sol a cause des distorsions de I'enveloppe de I'onde électroma-
gnétique par les effets de dispersion et d'atténuation. Si I'on considéere
le sous sol comme un milieu inhomogéne et qu'on lui applique conjoinfe-
ment un modele basé sur une fonction de pedotransfert, I'approche par
Renversement Temporel, grice a ses capacités de refocalisation adaptative
peut étre utilisée pour la régénération de I'impulsion électromagnétique
afin de préserver la résolution radiale la plus haute possihle comme cela est
nécessaire pour obtenir une résolution azimutale satisfaisante.

Une premiére partie de ce manuscrif est consacrée a la modélisation du sol
hasée sur des données géophysiques réelles et en supposant un historique
météorologique connu. Les constantes diélectriques et la conductivité sont
alors déduites par une approche par fonction de pédotransfert. La géomé-
trie d'acquisition est alors définie et les caractéristiques de I'image du sous
sol sont ensuite analysées. Le manuscrit se poursuit par une présentation
du concept de renversement temporel ainsi que de ses limitations pour un
milieu inhomogeéne. Le concept de RSO basé sur ce concept est alors pro-
posé. La méthode ainsi proposée a été testée pour deux radars (en bande
P et L). Les effets de restauration de I'impulsion et de sa refocalisation
sont présentés pour tous les types de sol ef d'objefs. Quand la méthode
proposée permet la refocalisation radiale, les acquisitions sont répetées
le long de la ligne de synthése d'antennes sur des sols nus présenfant
des inhomogénéités le long de I'axe vertical. La méthode de formation
de I'image est alors appliquée afin de vérifier I'impact du renversement
temporel sur la refocalisation le long de la direction azimutale. Finalement,
la méthode de reconstruction des images est appliquée sur deux images
interférométriques afin de vérifier la reconstruction sur de structures
étendues dans le sous sol.

Bien que nous ayons considéré I'imagerie a partir des algorithmes propo-
sés et toutes les confributions présentées ici peuvent directement &tre
adaptées pour des images d'imageries satellitaires ou modifiée pour des
systémes GPR.

Mots-clés : Radar a synthése d'ouverture, Imagerie de cibles enfouies,
Modélisation du sol, Traitement du signal
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Abstract

This dissertation addresses the problem of the application of synthetic
aperture and interferometry techniques for low frequencies (VHF, UHF, P,
L bands] airborne/satellite borne radars imaging over non-arid (in general,
unknown) areas for civilian and defence applications. The experimental
results, published so far, shown that the airborne Synthetic Aperture Radar
(SAR) reached the sufficient penefration depth in soil structure down to
several mefers in homogeneous and dry soil. Hence, whereas such areas
with homogeneous sand dry soil rarely occur in natural environment,
the convenience of SAR application decreases significantly due to the
soil effect on elecfromagnefic wave as pulse distortion and envelope
deformation caused by dispersion and frequency-dependent attenuation.
When soil is considered as inhomogeneous medium and modelled based on
the pedotransfer (geologically and hydrologically-mativated) approach, the
Time-Reversal (TR] technique, through its refocusing ability, can be used
for pulse regeneration and for restoration of undisturhed range resolution
required for the essential azimuth processing by SAR methods.

We start by soil modelling based on the real geological dafa and assumed
meteorological history to obtain as realistic as possible soil structures.
Using the pedotransfer approach, the dielectric constants and conductivity
are modelled. Then the mission geometry is defined and features related
to subsurface imaging are analysed. We continue with the TR concept and
its limitations for inhomogeneous media. The TR-based acquisition method
is proposed for airborne platform with the analysis of its differences,
challenges and expectations. Then, the proposed method of scanning is
investigated in two different radar band (P, L) under several assumptions.
The refocusing and pulse restoration effects are presented for all considered
soil structures and location of buried objects. When the proposed algorithm
is verified, the acquisitions is repeated along the synthetic aperture line
over bare and flat soil with inhomogeneous-in-depth properties. The image
formation method is applied to verify the TR impact on 5AR processing in
azimuth direction. Finally, interferometric phase method is applied for soil
structure reconstruction.

Although we only consider imaging from airborne platform, the proposed
algorithm and all contributions presented in this dissertation can be
directly adapted for satellite-borne system or modified for Ground
Penetrating Radar (GPR] systems.
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