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Résumé 
 

La surveillance d’un glissement de terrain vise à anticiper sa rupture pour réduire 

le risque d’accident. Elle s'opère généralement en mesurant les déplacements du sol. 

Ce travail propose une nouvelle technique de mesure de déplacement de glissements, 

flexible et à bas coût, basée sur l’utilisation d’étiquettes d’identification radiofré-

quence (RFID). La méthode de localisation d’étiquettes par différence de phase à 

866 MHz est explorée en conditions extérieures et sur de longues durées. Cette étude 

a montré une détérioration de la mesure causée par les variations de température, 

d’humidité, de neige et de végétation. Après application de corrections, la précision 

de mesure a été améliorée, passant de ±20 cm à ±1 cm en conditions extérieures 

courantes. Cette technique fonctionne également en conditions neigeuses et en pré-

sence d’herbes hautes, mais avec une incertitude de mesure plus élevée (±8 et 4 cm 

respectivement). Ces erreurs de mesure sont provoquées par des effets de propaga-

tion, d’interférence multitrajets, et de per-turbations à proximité des antennes. Un 

système de mesure en continu a été déployé sur le glissement de terrain de Pont-

Bourquin, en Suisse, pendant cinq mois. Ce dispositif a validé l’efficacité de la 

technique en conditions réelles. De plus, la mesure résiste bien aux intempéries et 

le dispositif demande peu de maintenance, en comparaison avec les techniques con-

ven-tionnelles (extensomètre, GPS, station totale). 

Deux méthodes de mesure complémentaires aux déplacements ont ensuite été 

étudiées. La méthode de corrélation de vibrations ambiantes est prometteuse, mais 

n’a pas encore été utilisée en surveillance opérationnelle. Une étude bibliographique 

souligne plusieurs verrous à lever, tels que la correction des variations saisonnières 

et journalières, l’augmentation de la résolution temporelle, et le choix des para-

mètres de traitement adaptés au site surveillé. La méthode qui consiste à inverser 

une fonction de transfert entre des données de pluie et de déplacements est ensuite 

étudiée. Une inversion haute résolution de cette fonction est proposée. Elle permet 

d’identifier des comportements hydrologiques complexes (ex : infiltration à deux 

vitesses sur le site de Pont-Bourquin) et de mesurer leur évolution. Les avancées de 

cette thèse vont permettre d’améliorer la surveillance opérationnelle tout en rédui-

sant son coût, répondant aux besoins des collectivités territoriales. 
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Abstract 
 

Landslide early-warning systems are based primarily on monitoring the displace-

ment of the landslide. This work develops a new technique for monitoring these 

displacements, using radio-frequency identification (RFID) passive tags and phase-

based location technique. This technique is deployed for the first time outdoors and 

for several months. Outdoor conditions revealed strong environmental influences 

due to temperature variations, moisture, snow and vegetation. These can cause a 

±20 cm measurement uncertainty over a year, which is too large for landslide mon-

itoring applications. The correction of these effects allows reaching the accuracy of 

±1 cm under normal conditions, ±8 cm with snow and ±4 cm with dense high 

grass. The remaining effects due to snow and grass are explained by the influence 

of this material on the direct propagation, on the multipath interferences and on 

the antennas. This measurement system has been deployed on the Pont-Bourquin 

landslide for five months. The results validate the technique for landslide monitor-

ing applications. The technique also shows the operational benefits of robustness to 

bad weather, easy maintenance and low-cost material, compared to conventional 

techniques (extensometer, GPS, total station). 

This thesis then studies two complementary monitoring methods that had re-

cently been shown to provide precursors to landslide rupture. First, ambient seismic 

noise interferometry is used to detect a drop of shear-wave velocity prior to a rup-

ture. The seismic method was studied in the literature to identify what must be 

developed to use this technique in an operational early-warning system. It requires 

getting rid of daily and seasonal environmental influences, choosing the processing 

parameters appropriate to the monitored landslide, and improving the temporal 

resolution below one day while keeping a stable enough signal. The other method 

consists of inverting an impulse response between rainfall and displacement rate, 

with a high resolution. It can shed light on complex infiltration processes (e.g. 

infiltration with two different delays at Pont-Bourquin) and detect their abnormal 

evolution across time. These developments should improve landslide operational 

monitoring with a low budget. 
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Avec des mots simples 
 

Les puces « RFID » sont partout : dans les entrepôts logistiques, les conteneurs 

de marchandise et certains grands magasins. Par exemple, Décathlon les utilise pour 

remplacer les lecteurs de code-barre lors du passage en caisse. Les articles sont 

placés tous ensemble dans un bac en plastique et leurs puces sont lues instantané-

ment par radio. Cette thèse propose d’utiliser ces puces pour mesurer des glisse-

ments de terrain. Les glissements de terrain représentent parfois plusieurs millions 

de tonnes de terre qui se met en mouvement. Quand ils accélèrent brutalement, ils 

détruisent tout sur leur passage. Pour éviter la catastrophe, les autorités surveillent 

ces glissements et préviennent la population si le glissement se met à accélérer. Pour 

mesurer ce déplacement, on commence généralement par placer des cibles de mesure 

sur le glissement. On mesure ensuite leur position en continu en visant tour à tour 

chaque cible avec un laser orienté par un moteur très précis. Mais ces instruments 

de précision coûtent cher, et le laser peut être entravé par des flocons de neige ou 

une branche d’arbre. C’est là que les puces RFID offrent un avantage : elles n’ont 

pas besoin d’être visées pour être lues et les ondes radio peuvent traverser les obs-

tacles. Fonctionneraient-elles sur un glissement de terrain ? Les résultats de cette 

thèse l’affirment, et qu’elles fonctionnent même très bien. Leur précision est légère-

ment réduite quand il neige ou avec de la végétation, mais la mesure continue de 

fonctionner. Pour mieux éviter les catastrophes, on peut ajouter d’autres mesures 

sur le glissement. Des laboratoires ont développé de nouvelles techniques promet-

teuses qui permettraient de mieux prédire les mouvements de terrain rapides. Elles 

utilisent la relation mathématique entre les vibrations de part et d’autre du glisse-

ment, ou encore entre la pluie et la vitesse du glissement. Ces relations restent 

stables quand le glissement l’est aussi, mais changent de façon anormale plusieurs 

jours avant la rupture d’un glissement. Ces techniques sont prometteuses, mais 

encore trop récentes et compliquées pour être adoptées par les autorités. Cette thèse 

étudie les développements nécessaires sur la méthode de vibration pour qu’elle 

puisse servir à surveiller des glissements, et approfondit la méthode basée sur la 

pluie. Ce travail de recherche devrait améliorer la qualité de la surveillance de 

glissements de terrain, à un coût réduit. 
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With Simple Words 
 

This thesis improves the way to monitor landslides, to alert the people if the 

landslide shows dangerous signs of activities. Measuring landslide displacements is 

used to detect abnormal activities. A new method is introduced to measure these 

displacements, using the cheap “RFID” tags that are progressively replacing bar-

codes in large shops. These tags are read with radio instead of optical light, which 

has the advantage to work across bags and walls but also tree, fog, and snow. Most 

of the displacement monitoring techniques do not work under these conditions, and 

the few techniques that work are very expensive. This thesis demonstrates that this 

newly introduced “RFID” technique is appropriate for monitoring landslides, at a 

reasonable cost and even under bad weather. The technique is shown to work under 

snow or dense vegetation, with only a lower accuracy. Complementary monitoring 

methods are then studied: they compute the mathematical relation between vibra-

tions measured on the two sides of a landslide, and between the rainfall and the 

landslide displacement. A strong change in this mathematical relation was detected 

a few days before a landslide rupture. These methods could be very useful for alert-

ing the people of dangerous landslide activity with more confidence, but are still 

too new to be used with confidence. This thesis studies what developments need to 

be done for using the vibration technique in surveillance, and introduced an im-

provement of the rainfall technique. These techniques are being transferred to the 

Géolithe company that co-financed this research study, to accelerate their intro-

duction into the standard usage. 
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Introduction 

RRRRaisons de ce travailaisons de ce travailaisons de ce travailaisons de ce travail    

Les mouvements gravitaires tels que les glissements de terrain et chutes de blocs 

rocheux occasionnent des pertes humaines et économiques considérables. Chaque 

année dans le monde, ils tuent plus de 4000 personnes et coûtent plusieurs dizaines 

de milliards d’euros en infrastructures détruites. Une stratégie courante pour ré-

duire ce risque consiste à surveiller en continu l’activité des zones concernées pour 

en restreindre l’accès en cas de rupture imminente. 

La fiabilité d’un système de surveillance est vitale. Elle représente l’efficacité à 

prédire un décrochement, pour alerter les autorités compétentes ou les usagers. La 

fiabilité dépend avant tout du système de mesure et des indicateurs d’alerte : une 

panne de capteur, d’alimentation électrique ou de communication de données peut 

en effet entraver la mesure. Des instruments fiables, simples et redondants permet-

tent de réduire ces problèmes. La fiabilité concerne aussi l’indicateur d’alerte en lui-

même : un indicateur fiable doit permettre de déclencher une alerte avant chaque 

décrochement tout en limitant les fausses alertes. En général, une alerte est déclen-

chée lorsqu’une valeur mesurée dépasse un seuil prédéfini. Par exemple « si un 

capteur de position se déplace à une vitesse supérieure à un centimètre par heure, 

solliciter l’inspection immédiate du personnel d’astreinte et prévenir le comité d’ex-

pert ». Le choix d’un indicateur d’alerte dépend du contexte de chaque site et de 

l’emplacement des capteurs. Un glissement est souvent composé de compartiments 

qui peuvent s’activer séparément suivant des processus différents. Déployer un mail-

lage resserré de capteurs ou coupler des indicateurs différents (déplacement, pluvio-

métrie, géophysique) peut alors rendre la surveillance plus fiable. Malheureusement, 

la multiplication des mesures augmente généralement le coût de la surveillance. 
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Figure 1 : Exemple de glissement de terrain après destruction de la route en aval. La pente instable délimitée en 

pointillés s’étend sur une largeur de 500 mètres. Pas de l’Ours, Aiguilles, Hautes-Alpes, France, le 27/07/2018. 

Le budget alloué pour la surveillance d’un glissement est généralement limité, et 

nécessite de faire un compromis avec la fiabilité. Pour réduire le risque, la surveil-

lance est souvent préférée à la construction de renforcement ou d’une infrastructure 

alternative pour son coût plus abordable. Mais les risques de plus faible enjeu, 

menaçant par exemple des petites routes rurales, pourront rarement bénéficier 

d’une surveillance de haut niveau (mesure en continue couplant plusieurs obser-

vables) et devront choisir des solutions moins coûteuses. Le développement de tech-

niques de surveillance fiables et moins coûteuses représente donc un enjeu réel. 

Les déplacements du sol sont généralement mesurés de façon mécanique (exten-

somètre), par pointage laser (station totale) et par radio (GPS, Radar). Le pointage 

laser robotisé constitue une mesure de référence pour surveiller de larges zones : 

l’utilisation de cibles passives permet un maillage de mesure resserré et fournit des 

données simples à traiter. Cependant, la mesure laser peut être entravée en cas de 

visibilité réduite causée par de fortes pluies, un brouillard dense, de la neige ou de 

la végétation, qui réduit donc la fiabilité d’un système de surveillance. Ces obstacles 

sont bien moins problématiques dans le cas d’ondes radio grâce à leurs longueurs 

d’onde plus grandes, centimétriques et au-delà. Cependant, il n’existe pas (encore) 

de technique radio pour mesurer les mouvements du sol basée uniquement sur des 

cibles passives. Une telle technique permettrait de surveiller un glissement en com-

binant les avantages de fiabilité à l’alerte d’un maillage resserré, de fiabilité de 

mesure de la radio et de simplicité des cibles passives. C’est précisément l’objet 
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d’étude de cette thèse, qui s’appuie pour cela sur la technologie d’identification 

radiofréquence (RFID). 

Des milliards d’étiquettes RFID sont produites chaque année. Elles servent à 

identifier des objets, de la même façon que les codes-barres qu’elles remplacent peu 

à peu. Ces étiquettes radio sont activées à distance et n’ont pas besoin de batteries 

pour fonctionner. Leur énergie est fournie à distance par un dispositif de lecture. 

Ce dernier envoie une onde électromagnétique (à 866 MHz dans cette étude) qui 

est rayonnée par une antenne et se propage jusqu’à l’antenne de l’étiquette radio. 

Une partie de l’énergie reçue par l’étiquette sert à activer ses circuits électroniques. 

Ces circuits contiennent principalement son code d’identification. Mais ils peuvent 

implémenter d’autres fonctions, comme des protocoles anticollision pour interroger 

plusieurs tags à la fois, ou des capteurs intégrés. Une autre partie de l’énergie est 

rétrodiffusée (comme un écho) à travers l’antenne de l’étiquette radio jusqu’au lec-

teur. L’étiquette inclut son code d’identification dans l’onde rétrodiffusée par l’al-

ternance entre deux états qui altèrent cette onde (modulation de charge). À 866 

MHz, ces étiquettes peuvent être interrogées à plusieurs dizaines de mètres du lec-

teur. La localisation d’étiquettes RFID fait l’objet de recherches depuis plusieurs 

années. Les méthodes actuelles les plus précises pour mesurer des déplacements sont 

fondées sur la comparaison de phase entre le signal envoyé par le lecteur et la 

réponse reçue de l’étiquette (Nikitin et al., 2010). Ces méthodes ont été développées 

en espace confiné. Fonctionneraient-elles aussi bien en environnement extérieur, 

pour surveiller en continu le déplacement de glissements de terrain ? 

Par ailleurs, l’utilisation d’indicateurs complémentaires à la mesure de déplace-

ment peut améliorer la fiabilité des alertes et permettre de mieux comprendre 

chaque site à risque. Le choix de ces indicateurs dépend du contexte géologique et 

du budget disponible. Sachant que l’eau en sous-sol est le principal déclencheur de 

glissements de terrain, la mesure directe de hauteur de l’eau souterraine est une 

donnée intéressante. Mais elle nécessite un forage souvent coûteux et ses mesures 

spatialement très localisées ne sont pas toujours représentatives de l’ensemble de 

glissement. Cette eau souterraine provient souvent de l’infiltration d’eau de pluie. 

Or la quantité de pluie est aisée à mesurer et homogène à l’échelle d’un glissement. 

En pratique, la combinaison de l’intensité et de la durée d’épisode pluvieux permet 

d’estimer une probabilité de décrochement. Mais celle-ci reste sujette à de nom-

breuses fausses alertes dans un dispositif de surveillance. Des approches qui relient 

mathématiquement les données de pluie et le déplacement existent depuis peu pour 
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mieux prédire un décrochement (Bernardie et al., 2015). Leur amélioration est étu-

diée dans cette thèse. 

Un troisième indicateur est basé sur l’observation des variations de vitesse sis-

mique au cours du temps. Ces variations sont calculées par corrélation des mesures 

de bruit sismique ambiant entre deux capteurs placés à proximité du glissement. 

Elles ont été appliquées récemment sur des glissements de terrain afin de mesurer 

la baisse de rigidité mécanique dans les couches profondes du glissement. Cette 

méthode pourrait prédire la rupture d’un glissement de terrain argileux plusieurs 

jours à l’avance (Mainsant et al., 2012). Cependant, les fluctuations saisonnières de 

cet indicateur causées par l’environnement (comme la température et la hauteur de 

l’eau souterraine) peuvent masquer les signaux précurseurs à un décrochement. 

Peut-on mieux les distinguer des éventuels signaux précurseurs, afin d’utiliser cette 

méthode dans un système de surveillance opérationnel ? 

 
Figure 2 : Processus physiques qui déstabilisent un glissement causé par la pluie. 

OOOObjectifs et déroulement de la thèsebjectifs et déroulement de la thèsebjectifs et déroulement de la thèsebjectifs et déroulement de la thèse    

Les objectifs initiaux de cette thèse portaient sur la surveillance de glissements 

de terrain. (1) Développer une nouvelle technique de mesure de déplacement « low-

cost » basée sur des tags RFID ; (2) comprendre le rôle des influences environne-

mentales sur les mesures de variations de vitesse sismiques par corrélation de bruit 

ambiant en vue d’une utilisation opérationnelle. 

Le problème des influences environnementales s’est posé dès les premiers tests en 

extérieurs sur les mesures RFID : ces influences réduisaient la précision de mesure 

de façon trop importante pour une surveillance fiable. Elles ont dû être identifiées 

puis corrigées autant que possible. Pour tester la technique en conditions réelles, 

une chaîne de mesure a été installée sur un glissement de terrain pendant plusieurs 

mois. La comparaison des résultats avec des mesures conventionnelles a permis de 
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valider la technique. Cette dernière s’est avérée très fiable et a atteint une précision 

d’un centimètre. Le premier objectif était rempli. 

Le second objectif était de comprendre les fluctuations saisonnières de vitesse 

sismiques (dv/v) mesurées par corrélation de bruit sismique ambiant, afin de les 

distinguer de signaux précurseurs à la rupture. Une étude bibliographique a permis 

d’identifier les influences environnementales qui pouvaient causer ces fluctuations, 

ainsi que les verrous à lever pour une utilisation opérationnelle en surveillance. 

L’étude des données de Pont-Bourquin a enfin permis d’explorer une troisième mé-

thode, qui analyse la relation entre les déplacements et l’hydrologie au cours du 

temps. Les trois méthodes utilisées pour mesurer l’activité d’un glissement de ter-

rain — géodésique, géophysique et hydrologique — ont ainsi été étudiées. (Figure 

2) 

D’autres projets ont enrichi ce travail. J’ai publié deux articles dans des revues 

scientifiques internationales, publié un brevet, présenté mes travaux à une douzaine 

d’évènements scientifiques (avec un poster primé aux conférences EGU et RSS) et 

contribué à une exposition scientifique grand public (plus de 10 000 visiteurs). J’ai 

principalement travaillé sur le glissement du Pont-Bourquin (Les Diablerets, Vaud, 

Suisse) en collaboration avec l’Université de Lausanne. J’ai également participé à 

la mise en place et à la maintenance d’un système de surveillance au Pas de l’Ours 

(Hautes-Alpes) avec Géolithe et Myotis, et suivi annuellement le glissement de Val-

loire (Savoie). Les entraides à ISTerre et Géolithe m’ont fait découvrir les glisse-

ments de terrain du Char d’Osset, d’Aletsch, des Gets, d’Harmalière et de Lauri-

chard. Cela m’a fait prendre conscience des enjeux d’une surveillance opérationnelle. 

Organisation du manuscritOrganisation du manuscritOrganisation du manuscritOrganisation du manuscrit    

Ce manuscrit se divise en trois parties. L’État de l’art présente les techniques 

utilisées pour surveiller les glissements de terrain, les technologies RFID pour me-

surer des déplacements, et la méthode de mesure de vitesse sismique basée sur la 

corrélation de bruit sismique ambiant. La partie « Influences environnementales » 

identifie les influences de l’eau, de la température, de la neige et de la végétation 

sur les mesures d’un système RFID. Elle propose des corrections pour réduire la 

sensibilité de la mesure à ces influences. Enfin, la partie « Applications au suivi 

temporel de glissement de terrain » valide la technique de mesure de déplacement 

RFID sur le glissement de Pont-Bourquin. Elle comprend également une étude du 
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couplage entre le déplacement de ce glissement, la quantité de pluie et les variations 

de vitesse sismique pour mieux comprendre la dynamique de ce glissement. 

 

Partie I : État de l’art 

Le premier chapitre explique pourquoi et comment surveiller l’activité d’un glis-

sement de terrain. Les contraintes opérationnelles d’un système d’alerte sont ensuite 

présentées. Enfin, les indicateurs qui ont déjà fourni des signaux précurseurs à une 

rupture sont présentés : le déplacement, l’hydrologie et la rigidité mécanique. 

Le second chapitre identifie les points bloquants de la méthode de corrélation de 

bruit sismique ambiant pour l’appliquer à un système d’alerte opérationnel. Il ras-

semble les dernières études de glissements de terrain avec cette méthode, et les 

présente sous un angle de vue opérationnel. 

Le troisième chapitre présente tout d’abord les principes de la RFID. Il synthétise 

ensuite les études qui ont mesuré des mouvements de terrain avec des tags RFID. 

Il expose ensuite la technique de localisation basée sur la différence de phase utilisée 

dans cette thèse. 

 

Partie II : Influences environnementales sur les mesures RFID 

Le quatrième chapitre identifie expérimentalement les influences environnemen-

tales majeures qui détériorent la précision de la mesure de déplacement RFID en 

conditions extérieures et sur de longues durées : la température et l’humidité. Une 

chaîne de mesure optimisée est proposée pour réduire ces influences. Elle améliore 

la précision annuelle de 20 cm à 1 cm, hors conditions neigeuses et végétation. 

Le cinquième chapitre identifie les effets de la neige sur la précision de mesure et 

la portée d’un tel système — correspondant à la phase et la puissance du signal 

radio reçu. Un ensemble d’expériences met en évidence l’effet de la neige sur les 

antennes, sur la transmission d’ondes directes et sur l’interférence des trajets réflé-

chis au sol. Le rôle primordial de l’humidité et de la densité de la neige est aussi 

montré.  

Le sixième chapitre identifie les effets de la végétation basse sur la puissance et 

la phase du signal, avec une approche similaire à celle utilisée pour la neige. Les 

principaux effets proviennent de la perturbation de l’onde directe qui se propage 

dans la végétation, et de l’altération des trajets multiples qui interfèrent avec le 
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trajet direct. Ces effets dépendent de la densité de végétation, de son contenu en 

eau et de sa conductivité.   

 

Partie III : Applications au suivi temporel de glissements de terrain 

Le septième chapitre présente le déploiement du système de mesure de déplace-

ment RFID sur un glissement de terrain (Pont-Bourquin, Suisse). Il valide son 

fonctionnement pendant cinq mois. Le dispositif présente une robustesse exception-

nelle pour un prototype, et atteint une précision de mesure de 1 cm pour une portée 

maximale de 60 mètres. En cas de neige, le système continue de fonctionner, mais 

avec une portée légèrement diminuée et une précision détériorée de 8 cm. Ce cha-

pitre apporte une nouvelle technique pour mesurer les déplacements surfaciques de 

glissements de terrain. Ce dispositif combine la simplicité de déploiement des sys-

tèmes à cible passive avec la robustesse des communications radio en cas d’intem-

péries. 

Le huitième chapitre propose une méthode d’analyse combinée de déplacements 

et de pluviométrie. Elle repose sur l’inversion d’une fonction de transfert entre ces 

deux observables, qui est fortement liée au délai d’infiltration. Sur le site de Pont-

Bourquin, elle indique une infiltration à deux vitesses, phénomène jusque-là observé 

uniquement par une étude hydrogéologique poussée. L’évolution de cette fonction 

de transfert dans le temps semblerait également reliée avec les variations de vitesse 

sismique (dv/v) et les fortes pluies. Cette méthode pourrait apporter un nouvel 

indicateur pour surveiller l’activité d’un glissement de terrain lent et comprendre 

ses interactions avec l’infiltration d’eau, à faible coût.
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Chapter 1  

Landslide early warning systems 
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1.11.11.11.1 SSSSummaryummaryummaryummary    

This chapter reviews the main methods used within landslide early-warning sys-

tems. A first section presents the principles of landslide risk and mitigation. The 

next sections present three monitoring methods providing precursors to a landslide 

rupture, based on geodesy, hydrology and passive seismology. The geodesic method 

consists of measuring the deformation of the ground. The hydrologic approach con-

sists of monitoring precipitations and their infiltration in the subsurface. The seis-

mological approach consists of measuring indicators of mechanical damaging and 

rigidity loss.  
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1.21.21.21.2 Landslide risk mitigationLandslide risk mitigationLandslide risk mitigationLandslide risk mitigation    

1.2.1 Landslide hazard  

Slope destabilization occurs in many regions of the world ( 

Fig. 1-1), imposing a heavy cost in life loss, properties and infrastructure. In the 

last decade, more than 40 fatal landslides and 4000 casualties due to landslides were 

recorded per year (Froude and Petley, 2018). Their annual economic cost has been 

estimated to $4, $2.6-5 and $3.6 billion only for Japan, Italy and the United States, 

respectively (Alimohammadlou et al., 2013). Besides, their occurrence is increasing 

due to human activities (Froude and Petley, 2018) and climate changes, particu-

larly in alpine and polar regions where ice and permafrost melting create instabili-

ties (Gariano and Guzzetti, 2016).  

 
Fig. 1-1: Map of fatal landslide occurrence from 2004 to 2016. Each point represents a fatal landslide. From (Froude 

and Petley, 2018) 
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Fig. 1-2: Occurence of fatal non-seismically triggered landslide events from 2004 to 2006, and cumulative total of 

recorded events. Modified from (Froude and Petley, 2018) 

 Physical processes involved in landslides are numerous, driven by tectonics (Ben-

nett et al., 2016), human activity (Petley et al., 2007), earthquakes (Marano et al., 

2010), volcanoes (Scott et al., 2001) and climate (Moreiras, 2005). Climate has 

caused more than 70% of the fatal landslides (Froude and Petley, 2018). Climate-

induced landslides are due to heavy rainfalls, snow melting or permafrost melting, 

which can decrease the ground rigidity and increase its stress. Landslides also in-

volve very different type of movements (fall, topple, slide, spread, flow), geological 

materials (from solid rock to soft clay) and velocities (centimeters/year to me-

ters/seconds), which are inventoried in (Cruden and Varnes, 1996; Hungr et al., 

2014) (Fig. 1-3). 

 
Fig. 1-3: Landslide movements illustration. From (Cruden and Varnes, 1996; Hungr et al., 2014).  
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1.2.2 Risk Mitigation 

Landslide risks are determined from the hazard, the vulnerability of the commu-

nity and infrastructure, and their exposure to the risk. The landslide risk R  can be 

expressed quantitatively as an annual loss of property value or life depending on 

the probability P  of a rupture event, its spatial and timely probability of impact 

(timely probability=1 for a permanent infrastructure), the vulnerability in case of 

an impact, and the value of the loss (Dai et al., 2002; Morgan et al., 1992): 

 
Hazard Impact ImpactRisk = P  × P (space) × P (time) × Vulnerability × Value  (1-1)

Risk management can reduce these values with three types of mitigation measures 

(Dai et al., 2002), illustrated in Fig. 1-4. Planning control consists of avoiding 

building infrastructure in an exposed zone based on risk assessment knowledge 

(Guzzetti et al., 1999) or replacing infrastructure. Engineering solutions stabilize 

the slope (landslide geometry corrections, water draining or retaining structures) or 

install protecting structures. Finally, early-warning systems reduce the probability 

of an impact in time by forecasting landslide failure and anticipating for a response. 

An identified risk can be reduced rapidly at a decent cost by implementing an early-

warning system. 

The cost of mitigation is fundamental to decide which measures to operate. Since 

budgets depend on the risk, a landslide that threatens a small road in a low-popu-

lated area may receive only minimal—if any—mitigation. Therefore, the availabil-

ity of low-cost solutions is important. In this regard, early-warning systems are 

often the cheapest mitigation. 

1.2.3 Early Warning Systems 

Early warning system is defined by the United Nations Office for Disaster Risk 

Reduction (UNISDR, 2016) as an integrated system of hazard monitoring, forecast-

ing and prediction, disaster risk assessment, communication and preparedness ac-

tivities systems and processes that enables individuals, communities, governments, 

businesses and others to take timely action to reduce disaster risks in advance of 

hazardous events. Landslides early warning systems include four principal stages: 

design, monitoring, forecasting and education (Fig. 1-5) (Intrieri et al., 2013, 2012). 

The education stage consists of communicating to the population and anticipating 

the actions that would have to be taken (e.g., block the road) if a rupture were 
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imminent (Basher Reid, 2006). This stage is essential, but out of the scope of this 

study. 

In the design stage, the landslide hazard and risks are analyzed to choose the 

adequate monitoring strategy. Any information about the landslide is valuable here. 

A geological observation would help to delimit the landslide boundaries and under-

stand its potential dynamics. Geotechnical measurements would assess the stability 

limits of the landslide material. Hydro-geological investigation would help to un-

derstand water infiltration, which is often the triggering factor. Historical defor-

mation data would help to understand the landslide dynamics, set warning thresh-

olds. All this knowledge would help to install the right monitoring instruments at 

the right position. The design and monitoring often require trade-offs depending on 

the available budget (Intrieri et al., 2013). Again, low-cost methods can be essential 

for monitoring sites with moderate risks and budgets. 

           
Fig. 1-4: Mitigation measures at the Pas de l’Ours landslide: Planning control led to building an emergency road, 

protections against mudflows were installed, and a real-time deformation monitoring system was installed for early 

warning. 
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Fig. 1-5: Stages of a landslide early warning system, from (Intrieri et al., 2013) 

Monitoring stage consists of installing instruments and ensuring the correct ac-

quisition, transmission and processing of data. Monitoring is crucial for an early-

warning system, but also to investigate mass movements in general to better un-

derstand their dynamics and physical processes. The monitored data usually consist 

of ground deformation (geodesy), water infiltration (hydrogeology and meteorology) 

and subsurface alterations (geophysics/seismology), each one providing complemen-

tary insights landslide processes. The key factor for a good monitoring is robustness, 

followed by accuracy and rapidity of the data workflow. Data quality must be high 

enough for raising automatic or manual warnings, and every technical problem 

encountered must be resolved. The list of potential problems in the field is long and 

includes energy shortage, loss of telecommunication network or material destruction 

due to animals, thunder, theft, strong wind or a tree falling (all experimented during 

this research work…). Some measurement (particularly optical and mechanical dis-

placement) can be blocked by snow, heavy rain, heavy fog or vegetation, and halt 

the surveillance. When such event occurs, it must be discriminated from potential 

landslide failure and corrected rapidly, requiring maintenance efforts. A discontin-

ued surveillance would strongly increase the risk, and may require to block the 

infrastructure usage. Therefore, the robustness of the measurement is a key for a 

good monitoring. In that regard, radio technologies (GPS, radar) are more robust 

than optical and mechanical techniques. Similarly, techniques that do not require 
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powering a full instrument on every measurement points are easier to maintain 

(e.g., remote sensing techniques, or localization of optical reflectors with a laser).  

Rapid workflows are valuable to increase the lead time (time between a warning 

and a failure). Anticipating the rupture is indeed essential to take adequate protec-

tive measures. Furthermore, the confidence of the forecasting is usually higher just 

before the event, and monitoring until the last minute gives a higher chance to 

avoid a false warning. Fast and robust workflow transmit lightweight data, and can 

process the data and raise warnings without human intervention. 

Forecasting phase requires analyzing the data provided by the monitoring, and 

deciding to raise warnings and to take actions or not. The decision may be human, 

or automatic when lead-times are very short (e.g., a rock is falling and will hit a 

road within seconds). Automatic warnings are raised when a monitored value ex-

ceeds a pre-defined threshold. Threshold value is defined to balance the risk of false 

warning (which should not occur too often) against missed warning (which should 

never happen), depending on the confidence level required in the warning. There 

are several ways to increase the confidence. First, the processing should reduce the 

noise level and reject outliers due for example to a local motion. Accurate and 

redundant measurements are useful at this step. Warnings should then be given a 

confidence level. Combining different observations would increase the confidence 

and reduce false warnings (Intrieri et al., 2013). The appropriate observation for 

predicting and understanding landslide activation may depend on the geological 

context. Such observations include surface displacement, rainfall and groundwater 

level, geophysical monitoring, and optionally earthquakes and vibrations. However, 

monitoring with multiple methods needs a higher budget. Again, lower-cost moni-

toring techniques are useful in this regard. This work addresses the problem by 

introducing a new displacement monitoring technique that is both low-cost and 

robust. 

1.31.31.31.3 Displacement rateDisplacement rateDisplacement rateDisplacement rate    

1.3.1 Inverse velocity to predict failures 

Measuring a landslide velocity of displacement is the main way to monitor its 

activity and to set warning threshold. Landslide velocity follows three stages before 

failure: it decreases in the primary stage, remains constant in the secondary stage, 

and increases rapidly until failure in the tertiary stage. Saito (1965) proposed to 

forecast the time of failure from its velocity time series (or strain rate after distance 
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normalization) by extrapolating the future velocity from the past measurements. 

However, the results strongly depended on the choice of the extrapolating algo-

rithm. Fukuzono (1985) proposed to predict the time of failure with a simple 

method based on the inverse of the velocity of the tertiary phase (Fig. 1-6). The 

inverse velocity (1/V) was shown to decrease almost linearly until the failure, which 

strongly simplified its extrapolation. The mechanical theory supporting this tech-

nique is summarized by Federico et al. (2012). 

Like any forecasting method, the difficulty of the inverse velocity technique is to 

predict all the failures (no missed warnings) and avoiding false warnings. However, 

scientific studies mostly present successful warning and rarely false warnings. The 

results of inverse velocity extrapolations also depend on the period in which the 

extrapolation is made, and using shorter or longer periods would result in different 

predictions (see Fig. 1-7). Predictions should also be confirmed by observing the 

velocity continuously until the last moment, when the confidence of the prediction 

is higher. For this reason, warnings should be given with gradations depending on 

their stage, lead time and levels of confidence. External parameters can also influ-

ence the observed trend, such as rainfall, snow melting or earthquake. These effects 

should be monitored also, to have more confidence in the observed trends. In terms 

of monitoring technique, the inverse velocity method requires accurate measure-

ments and appropriate data filtering to avoid outliers (Carlà et al., 2017), and 

spatial redundancy to avoid local effects. 
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Fig. 1-6: Example of inverse velocity application on an open-pit mine. Daily manual surveys are in color and continuous 

extensometer monitoring in black. From (Rose and Hungr, 2007) 

 
Fig. 1-7: Example of false positives at La Clapière landslide. Two false warnings would have been made in 1988 and 

1989. From (Vibert et al., 1988; Rose and Hungr, 2007). 
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1.3.2 Displacement monitoring techniques 

 
Fig. 1-8: Existing techniques to monitor landslide displacements. This review focus on surface techniques, and present 

the problems addressed by the proposed RFID technique. *Remote sensing is made from the ground, air or satellite and 

can also use passive targets. 

The accurate and automatic monitoring of ground surface displacements is of 

paramount importance to forecast potential landslide failures. The existing moni-

toring techniques are reviewed in (Angeli et al., 2000; Baroň and Supper, 2013; 

Casagli et al., 2017; Uhlemann et al., 2016) and shown on Table 1-1. Their ad-

vantage and limitation strongly depend on the physical principles behind the meas-

urement. These principles are usually mechanical, optical or radio frequency (Fig. 

1.8). The number of local sensors also influences the cost of installation and mainte-

nance. Some techniques require installing one complete sensor per measured point 

(e.g., GPS); other techniques need simply to install passive targets (e.g., laser total 

stations); remote sensing technique does not require any material installed on the 

monitored zone.  

Mechanical techniques consist of attaching a wire (Angeli et al., 2000), a bar, or 

an optical fiber (Higuchi et al., 2005; Iten et al., 2008; Zhang et al., 2018) between 

two points to measure their relative displacement. This wire is easily destroyed by 

anything that crosses it or by a rapid landslide motion. It is also inefficient under 

the snow. Burying the wire underground reduces these problems, but at a higher 

cost and difficult maintenance. Optical techniques such as LIDAR (Favorskaya and 

Jain, 2017; Jaboyedoff et al., 2012), total station or optical image correlation (Trav-

elletti et al., 2012), can monitor large zones without any fragile mechanical bound-

ing. However, they still require an optical line of sight, which is vulnerable to pre-

cipitations, fog, vegetation, or snow. That is problematic for ensuring the continuity 

of the early-warning system under any weather conditions, particularly when the 

triggering factors are snow melting and rainfall. Radio-frequency techniques use 

larger wavelengths (centimeters) which can cross small obstacles and resolve this 
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problem. The drawback is the need to handle the reflected waves on the ground 

that interferes with the direct wave, called multipath. Radio-frequency techniques 

include GPS (Gili et al., 2000; Benoit et al., 2015; Squarzoni et al., 2005), inter-

ferometric radar or GB-SAR (Monserrat et al., 2014) and radio-based ranging de-

vices (Intrieri et al., 2018a; Kenney et al., 2009; Lucianaz et al., 2015). Radio-

frequency techniques provide the best robustness to natural disturbances. 

 
Fig. 1-9: At the Pas de l’Ours landslide, the optical monitoring was regularly discontinued in winter due to the snow and 

ice, and required a lot of maintenance. Low-cost differential GPS (Benoit et al., 2015) were installed in complement 

because the radio signal is less perturbed by snow. That allowed for 24/24h monitoring under any weather. However, 

their cost and energy consumption allowed monitoring only a few points, and the instruments were removed when the 

landslide became too active to avoid their destruction. 

Many displacement monitoring techniques require installing one sensor on every 

point that is monitored (extensometers, GPS, radio-ranging devices). Such sensors 

are convenient on small installations, but the cost of the instruments, power sources 

and maintenance does not scale with hundreds of densely spaced points, despite 

recent developments to reduce their cost (Benoit et al., 2015; Intrieri et al., 2018a). 

On the contrary, ground-based remote techniques (optical images or interferometric 

radar) can monitor large zones with a high spatial density and do not require to 

install material on difficult to access areas. However, radar stations are expensive, 

and remote techniques generate large data flow that increases the complexity of 

real time monitoring. Sometimes, remote sensing monitoring is combined with the 

installation of a few passive targets on the monitored zone, to improve its accuracy 

and processing. Remote sensing also includes satellite (Intrieri et al., 2018b; Milillo 
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et al., 2014; Lacroix et al., 2018) and airborne remote sensing (Reigber and Scheiber, 

2003), including a recent development of measurements from unmanned aerial ve-

hicle (UAV, or drones) (Casagli et al., 2017; Lucieer et al., 2013; Niethammer et 

al., 2012). These can monitor very large areas for a reasonable cost. However, their 

temporal resolution is limited today to a few days which does not fit for continuous 

monitoring. Yet, their temporal resolution is likely to increase in the future with 

new satellite launch, and with improvements of material, data processing and au-

tomated guidance systems of drones. A last category of techniques uses only passive 

targets, which offers a trade-off between remote and one-sensor-per-point tech-

niques. Laser total stations are very common for measuring displacement and use 

this approach. Still, they are based on an optical laser that requires a full optical 

line of sight and is sensitive to weather. This study introduces a new RFID tech-

nique that combines the scalability of passive targets with the reliability of radio-

frequency techniques. 
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Table 1-1: Methods for automatic monitoring of landslide displacements 

TTTType of ype of ype of ype of 
trackingtrackingtrackingtracking    

MethodMethodMethodMethod    
PhysicalPhysicalPhysicalPhysical    
principleprincipleprincipleprinciple    

VulnerabilityVulnerabilityVulnerabilityVulnerability    Typical Typical Typical Typical 
RangeRangeRangeRange    

TypicalTypicalTypicalTypical    
AccuracyAccuracyAccuracyAccuracy    (g)(g)(g)(g)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    

1111––––3D3D3D3D    SamplingSamplingSamplingSampling    
periodperiodperiodperiod    

Cost Cost Cost Cost (f)(f)(f)(f)    
ReferencesReferencesReferencesReferences    

Single point Extensometer Mechanical Wire broken, snow cover, ice ~100 m 1 cm 1D  

 

Real time (but 
limited by 
battery) 

2 k€ for 1 
point 

(Angeli et al., 
2000) 

Differential GNSS Radio Satellite reception, atmos-
pheric water content, multi-
path 

1 km 0.1-1 cm 3D 2–5k€ for 1 
point 

(Benoit et al., 
2015; Gili et al., 
2000; Squarzoni et 
al., 2005) 

RF sensor 
network 

Radio Snow cover 300 m 0.3 cm / 
5 cm (d)  

1D 1–2k€ for 1 
point(b) 

(Intrieri et al., 
2018a; Kenney et 
al., 2009) 

Surface, 
from a 
satellite 

Optical image cor-
relation 

Optical Clouds, vegetation, illumina-
tion 

800 km 100 cm (c) 2D  

a few days 

 

free(c) / paid 

(Bontemps et al., 
2018) 

 InSAR Radio Snow cover 800 km 0.5 cm 1D (Colesanti et al., 
2003; Intrieri et al., 
2018b; Monserrat 
et al., 2014) 

Surface, 
ground-based 

Lidar Optical(a) Snow, rain, fog, snow cover, 
vegetation 

1 km 1 cm 1D 5–100 minutes 100 k€ for a 
zone 

(Jaboyedoff et al., 
2012) 

Optical image 
correlation 

Optical Snow, rain, fog, snow cover, 
vegetation, night, illumina-
tion, change of surface state 

500 m 1–5cm 2–3D 1 day(e)  2–10k€ for 
a zone 

(Travelletti et al., 
2012) 

GB-SAR Radio(a) Snow cover. For slow move-
ments. 

30 m - 5 
km 

~ 0.1 cm 1D ~1 minute 100 k€ for a 
zone 

(Herrera et al., 
2009; Noferini et 
al., 2007; Pieraccini 
et al., 2003) 

Doppler radar Radio Snow cover. For fast move-
ments. 

km's na 1D real time 20 k€ for a 
zone. 

(Gauer et al., 2007) 

 

Multiple 
points,  
passive  
targets 

Optical Fiber Mechanical Large landslide displacements km’s 10% 1D seconds 100k€  (Habel and Kreb-

ber, 2011) 

Laser tacheometer Optical(a) Snow, rain, fog, snow cover, 
vegetation, target rotation 

1 km 0.5 cm 3D 10 s / target 50 k€ for 
100 points 

(Abellán et al., 
2009) 

Passive RFID Radio Snow cover, target rotation, 
multipath 

~100 m 1 cm 1–3D 0.01 s / target 10 k€ for 
100 points 

This work 

(a) Also requires an accurate motorization 

(b) The cost is approximated, because the device was developed only for research purpose. 

(c) This concerns data from SENTINEL-1 (SAR) and SENTINEL-2 (Optical). 

(d) The higher accuracy is obtained with the phase-based technique presented by Kenney et al. (2009). 

(e) Travelletti et al., 2012, reports a sampling period of 4 days. A sampling period below one day would be complicated, because of the weather and sun 

irregularity. 

(f) The cost concerns only the material, and not the cost of maintenance, data retrieving, and processing. 

(g) The typical accuracy is estimated for a range of 50 m, except for satellite techniques, for which the range is not relevant.  

The typical range reflects the average distance between a base station, and the measured surface, or between different instruments in the case of a sensor 

network. 
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1.41.41.41.4 Rainfall Rainfall Rainfall Rainfall andandandand    water infiltrationwater infiltrationwater infiltrationwater infiltration    

 
Fig. 1-10: Representation of the infiltration processes on a hill slope, from (Brönnimann, 2011) 

1.4.1 Failure probability estimation 

Climate-induced landslides are triggered by the infiltrated water (illustrated in 

Fig. 1-10) that follow precipitation episodes (Iverson, 2000). Therefore, some early-

warning systems use a threshold based on the quantity and duration of rainfall 

events (Caine, 1980; Keefer et al., 1987; Aleotti, 2004; Baum and Godt, 2010). That 

raise alerts (e.g., low/moderate/high) when the measured or forecasted precipita-

tion exceeds a pre-defined threshold. This statistical threshold varies between re-

gion and on landslides (Guzzetti et al., 2007) (Fig. 1-11) and defining it correctly 

is essential to avoid too many false warnings. Many parameters can influence this 

threshold, such as the geology or the slope angle (Montgomery and Dietrich, 1994). 

At a regional scale, this indicator is useful to raise the level of awareness of the 

authorities, but it can only estimate the probability of failure. 

The relation between rainfall and rupture probability can be improved by ac-

counting for the infiltration process across time and using local groundwater level 

measurements. The increase in groundwater levels due to rainfall can be computed 

by convolving the rainfall with a response function that has the shape of an infil-

tration curve (Iverson, 2000). The groundwater level data (measured or modeled) 
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then serve to compute the time and dynamics of the landslide rupture using a 

mechanical model (Iverson, 2000). However, using purely physical models (hydro-

logical and mechanical) leads to strong discrepancies with the true rupture, and 

require numerous in-situ measurements to constrain the hydro-mechanical proper-

ties of the landslide. At the opposite, the relation between rainfall and rupture can 

be modeled empirically using an impulse response Ψ(t) which, when convoluted 

with the rainfall time series, gives a mobility function ( )Y t  that is representative 

to the probability of failure when exceeding a threshold (Capparelli and Versace, 

2011). This generalizes several existing approaches that estimate the probability of 

failure, depending on the shape of the curve chosen for the impulse response. For 

example, the intensity-duration threshold introduced above would have the shape 

of a constant flat response. This technique has been tested with many different 

shapes of impulse responses (Luca and Versace, 2017) (Fig. 1-12) defined by 3 to 5 

parameters using a 40+ year’s historical dataset. The lowest rate of false/missed 

warnings were provided by mixed impulse response shapes using 5 parameters, 

showing the superiority of this approach compared to the rainfall-intensity duration 

that uses a 1-parameter flat shape. However, this technique is based only on failure 

events, which rarely occur. Moreover, optimizing more parameters require larger 

historical dataset of recorded failure events (curse of dimensionality), which are not 

available on recent landslides. 
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Fig. 1-11: Rainfall intensity-duration thresholds estimated in 52 regions of Europe.  

Modified from (Guzzetti et al., 2007). 

 

 
Fig. 1-12: Impulse response Ψ(t) of landslide mobility optimized on two different landslides. This impulse response is 

convolved with the rainfall time series to provide a mobility function that defines the probability of failure. From 

(Sirangelo and Versace, 1996) 
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1.4.2 Slow displacement prediction 

 
Fig. 1-13: Framework to compute the response of the groundwater level, by convolving the rainfall to a response 

function. From (Bernardie et al., 2015). 

Slow reactivated landslides move regularly without failure in response to rainfall 

events. Recording their displacement provides a much larger dataset than recording 

only their failures. That allows computing an impulse response rapidly between 

rainfall (input) and displacement data (output), which would predict slow linear 

displacements (Belle et al., 2012). Physically this impulse response represents 

mostly the infiltration process. Indeed, the impulse response approach had been 

initially proposed to relate rainfall (input) to spring water (output) using a param-

eter inversion (Pinault et al., 2001). This study computed a full impulse response 

without a priori on its shape (such as a theoretical infiltration curve), to represent 

the complexity of the infiltration processes along time (Fig. 1-14). The direct rela-

tion (when no failure occurs) between groundwater level and landslide velocity (Fig. 

1-15) justifies using an impulse response to estimate slow landslide movements from 

rainfall inputs. However, using effective rainfall input may require to correct for 

effects such as evapotranspiration, water running on the surface (Bièvre et al., 2018) 

and snow melting (Matsuura et al., 2003, 2017). 

A short time series of effective rainfall and landslide velocity can then be used to 

predict the slow displacements of a landslide empirically based only on rainfall 

inputs. That was made firstly with a black-box neural network approach (Mayoraz 

and Vulliet, 2002). The use of an impulse response was then proposed. It was com-

puted either once from a multi-year time series (Helmstetter and Garambois, 2010), 
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as the sum of two impulse responses that represent the slow/rapid infiltration (Belle 

et al., 2014), by integrating displacement data from multiple sensors (Lévy et al., 

2017), and by computing the impulse response over a moving window (Bernardie 

et al., 2015). These resulted in overall good predictions of slow landslide motions. 

However, a landslide early-warning system aims at predicting rapid and harmful 

non-linear failures, for which the impulse response approach does not work. During 

such event, the landslide would accelerate far above the rainfall-based linear pre-

diction. With this consideration, Bernardie et al. (2015) proposed to use the differ-

ence between the predicted and measured velocity as a potential failure indicator. 

Over 8 years, this indicator correctly anticipated the two failures occurring on Su-

per-Sauze landslide (Fig. 1-16) without any false warnings, contrarily to the inverse 

velocity method. The present study pushes this method forward, by computing and 

studying a fully-inversed impulse response proposed by Pinault et al. (2001)(Fig. 

1-14) for purely hydrologic studies, and comparing it with geophysical observations 

to better understand infiltration processes without requiring any hydrological meas-

urement. 

 
Fig. 1-14: Example of an impulse response inversed from the time series of rainfall (the input) and the amount of 

infiltrated rainwater measured on a spring (output), on a karstic region. From (Pinault et al., 2001) 
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Fig. 1-15: Nearly linear relation between the depth of the groundwater level measured with a piezometer, and the 

velocity of the Vallcebre landslide. From (Corominas et al., 2005). 

 
Fig. 1-16: RMSE difference between the velocity predicted from an impulse response and rainfall, with the measured 

velocity. This indicator strongly increased several days before the two failures, without false or missed warnings. From 

(Bernardie et al., 2015) 

1.51.51.51.5 GGGGeophysical Methodseophysical Methodseophysical Methodseophysical Methods    

Geophysics measure contrasts of physical properties of the subsurface such as 

conductivity, permittivity, mass density, rigidity or electrical potential. By imaging 

those contrasts spatially, geophysical methods can provide insights about landslide 

structure, hydrology and mechanical properties (Jongmans and Garambois, 2007) 
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and their dynamic across time using monitoring techniques (Fig. 1-17) (Whiteley 

et al., 2018). 

These monitoring techniques provide either hydrological or mechanical indicators 

as their dominating sensitivity parameter of interest. Electrical methods are mostly 

sensitive to the bulk volume, salinity and circulation of water, and give useful in-

sights to understand landslide hydrological dynamics. However, if groundwater lev-

els measured directly with piezometers cannot alone predict a rupture, its indirect 

estimation using geophysics is unlikely to provide better precursors. Quadrature 

conductivity measurements (Flores Orozco et al., 2018; Gallistl et al., 2018) provide 

indicators on intrinsic electrical properties of the solid matrix that could suggest its 

alteration (Revil et al., 2017a, 2017b). However, the technique is operationally dif-

ficult for permanent and accurate monitoring: it did not provide precursory signals 

up to now. 

 
Fig. 1-17: Geophysical methods used for monitoring landslides, inspired by (Whiteley et al., 2018). 

Passive seismic is the only geophysical method that has shown clear precursory 

signals several hours to days before a failure (Larose et al., 2015; Snieder and Larose, 

2013). The damaging of a rock column was shown to increase its micro-seismic 

activity several hours before its rupture (Amitrano et al., 2005; Senfaute et al., 

2009) and to reduce its resonant frequency several weeks earlier (Lévy et al., 2010). 

On clayey landslides, acoustic events are less energetic and more attenuated and 

such technique did not work. However, clay is subject to a strong shear-wave ve-

locity drop before its fluidization. Such drop has been measured several days before 

a rupture using ambient noise interferometry (Mainsant et al., 2012b)(Mainsant et 
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al., 2012b) using passive ambient noise interferometry (Sens-Schönfelder and 

Wegler, 2006, p.). That led the way to a new type of precursors. The challenges for 

integrating this technique into an operational landslide early-warning system are 

reviewed in the next chapter.
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Chapter 2  

Ambient noise interferometry on landslides 
 

Contents 

2.1 Summary ................................................................................. 44 

2.2 Ambient noise interferometry for landslide monitoring ......... 45 

2.2.1 Ambient seismic noise interferometry .............................................. 45 

2.2.2 Applications to landslide monitoring ............................................... 46 

2.2.3 Potential and limitations for an early-warning system .................... 47 

2.3 Environmental influence on the dv/v ..................................... 48 

2.3.1 Seasonal variations on landslides ..................................................... 48 

2.3.2 Seasonal variations in general .......................................................... 50 

2.3.3 Daily variations ................................................................................ 54 

2.4 Adapting the method to an early-warning system ................. 58 

2.4.1 General processing workflow ............................................................ 58 

2.4.2 Investigation depth .......................................................................... 61 

2.4.3 Stability, reactivity and signal-noise ratio ....................................... 64 

2.4.4 Assessing the uncertainty ................................................................ 68 

 

 

2.12.12.12.1 SummarySummarySummarySummary    

This chapter reviews the applications of ambient noise interferometry applied to 

landslides, and study its challenges for implementing this method in an operational 

early-warning system. Environmental influences on the measured value are identi-

fied as groundwater, temperature and freezing/melting. The different techniques in 

the processing workflow are also reviewed, and indications to choose the appropriate 

processing parameters are given. The choices concern the investigation depth that 

must be investigated for a correct monitoring, the tradeoffs between stability and 

temporal reactivity, and the uncertainty assessment to increase the confidence of 

potential warnings. 
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2.22.22.22.2 Ambient noise interferometry for landslide monitoringAmbient noise interferometry for landslide monitoringAmbient noise interferometry for landslide monitoringAmbient noise interferometry for landslide monitoring    

2.2.1 Ambient seismic noise interferometry 

The idea of the ambient noise interferometry is to reconstruct an approximation 

of the transfer function (or Green’s function, GF) of a medium to an impulse exci-

tation, by cross-correlating the noise measured passively between two sensors. That 

has been done on an ultrasonic receiver (Weaver and Lobkis, 2001), on a larger 

scale using the diffused energy from an earthquake coda (Campillo and Paul, 2003) 

and finally using ambient seismic noise (Shapiro and Campillo, 2004). Ambient 

seismic noise has the advantage of relying not on a localized and timely source of 

energy, but instead on diffused noise from multiple sources. That allows for a more 

stable reconstruction of the GF. These studies retrieved the early and high-energy 

part of the correlations, which represent direct surface waves. They used it to meas-

ure the phase velocity and make a tomography of the seismic velocity of the mate-

rials at depth. These could also use late arrivals, but in a static way (Larose et al., 

2006). Sens-Schönfelder and Wegler (2006) then proposed to monitor the later part 

of the correlations, also named coda, along time. The coda is mostly influenced by 

the scattering of waves between the two sensors. Its monitoring allows measuring 

apparent velocity variations that result from a small velocity perturbation in the 

bulk caused by geological events. This velocity was observed to increase slightly 

before a volcano eruption (Brenguier et al., 2011, 2008b, 2016; Obermann et al., 

2013a; Nakata et al., 2016), to decrease abruptly during an earthquake then to 

increase slowly during a recovery phase (Wegler and Sens‐Schönfelder, 2007; Bren-

guier et al., 2008a; Rivet et al., 2011; Hobiger et al., 2016), and to decrease even 

more strongly after an earthquake in a volcanic area (Brenguier et al., 2014; Taira 

and Brenguier, 2016). 

Smaller scale objects have also been monitored. Velocity decreases were observed 

due to a seepage on dams or levees (Olivier et al., 2017; Planès et al., 2017, 2016) 

or to seasonal thawing of permafrost (James et al., 2017). Another approach has 

consisted of monitoring the decrease of coherence between the correlations along 

time. Such decorrelation was observed for example during the filling/drainage of a 

glacier-dammed lake (Preiswerk and Walter, 2018; Walter et al., 2015) or during 

the fluid injection on a geothermal site (Obermann et al., 2013a).  
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2.2.2 Applications to landslide monitoring 

On landslides, ambient noise interferometry firstly served to image the subsurface 

using surface waves dispersion (Renalier et al., 2010b). Apparent surface wave ve-

locity monitoring (Renalier et al., 2010a) attracted much interest after detecting a 

clear velocity drop five days before the catastrophic acceleration of a shallow clayey 

landslide (Mainsant et al., 2012b). It led to a new technique for predicting landslide 

failures. This drop of velocity, that reached 7% before the failure (Fig. 2-1), was 

attributed to clay fluidization at the base of the moving layer due to the material 

accumulation and pore pressure increase. Indeed, clay fluidization due to stress and 

pore saturation has been shown in laboratory conditions to strongly decrease the 

clay shear-wave velocity before its fluidization (Carrière et al., 2018, 2018; Dong Yi 

and Lu Ning, 2016; Mainsant et al., 2015, 2012a). 

 

 

Fig. 2-1: On the Pont-Bourquin landslide, the apparent surface wave velocity (in blue) was monitored before the major 

failure of 19 August 2010 (in gray). Vertical line 1: the first velocity reduction starts after rainfall on 23 July and 

represents a drop of 2% developing over 20 days. Vertical line 2: the major drop starts after rainfall on 14 August, with 

a total decrease of 7% over the 5 days preceding the landslide. The water table height (green) was not sufficient to 

predict a failure. From (Mainsant et al., 2012b) 

Several landslides have been monitored since then (), including deep-seated landslides 

(Bontemps et al., in preparation; Voisin et al., 2016), a rock glacier (Guillemot et al., 

in preparation), a rockfall/slide (Colombero et al., 2018) and the use of seismic arrays 

to study spatiotemporal variations during a few months (Chtouki et al., 2017; Harba 

and Pilecki, 2017). However, these studies did not lead to the detection of a precursory 

signal, simply because the landslides that were studied have not been subjected to a 

failure yet. The potential of dv/v precursory signal has recently been confirmed on a 
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rotational slide (Fiolleau et al., in preparation), in a different configuration: a seismic 

sensor was placed on a prone-to-failure earth column, and its recordings compared with 

a sensor placed on stable grounds. The degradation of the material did not permit 

monitoring velocity variations correctly, but led to a progressive decrease of correlation 

coherence 20 days before the failure (explained by the rear-fracture progressive open-

ing). 

 

2.2.3 Potential and limitations for an early-warning system 

 Ambient noise interferometry presents multiple advantages for an early-

warning system. Firstly, it measures directly the loss of rigidity in the bulk of the 

material that causes the failure, in contrast to the later surface displacement or the 

earlier rainfall infiltration. It is therefore complementary to existing monitoring 

techniques. Secondly, it provides the ability for a continuous and very robust mon-

itoring. Indeed, ground seismic waves propagate even with rain, snow, vegetation 

or without line of sight. Furthermore the sensors can be partially buried to avoid 

Table 2-1: Landslide monitoring based on ambient noise interferometry 

Landslide 
Tech-

nique (a) 
Precursor Seasonal 

variation 
Duration 

(yr.) 
Stations Sliding 

depth (m) 
Slide class 

(Hungr, 2014) 
References 

Avignonet, 
France 

dv/v na ±0.5 % 2.5 2 10–16 and 
42–47 

Clay/silt com-
pound slide 

(Renalier et al., 2010a) 

Pont-Bourquin, 
Switzerland * 

dv/v 2–7% in 5d ±2% 6 6 10 Clay planar slide-
earthflow 

(Bièvre et al., 2018; Larose et al., 
2015; Mainsant et al., 2012b) 

Utiku 
New Zealand 

dv/v na ±2% 1.1 4 300 (Massey 

et al., 2013) 
Planar rock-
slide/earthflow  

(Voisin et al., 2016) 

Madonna del 
Sasso, Italy 

dv/v 
f0 

na ±10% 
2.7-3.3Hz 

2.3 4 15 and 16 Rock fall-slide (Colombero et al., 2018) 

 

Harmalière, 
France 

CC 
f0 

0.8–0 in 20d 
9–6 Hz in 8h 

na 
na 

0.3 2 3 Earth rotational 
slide 

(Fiolleau et al., 2018, in prepara-
tion) 

Gugla, Switzer-
land 

dv/v 
CC 

na 
na 

±1.5% 
1-0.5 

3 2 2 to 15 Rock slope defor-
mation/solifluction 

(Guillemot et al., in preparation) 

 

Maca, 
Peru 

dv/v na ±1% 3 1(b) 50 Clay/silt com-
pound slide 

(Bontemps et al., in preparation) 

 

 

* exploited in the present study 

(a) dv/v stands for temporal relative velocity variations based on the coda of the green function and CC stands for Coherence Coefficient 

of the green function. f0 (also called H/V) use ambient noise—but not interferometry—to monitor the horizontal resonant frequency, 

normalized by vertical component or horizontal component of another sensor. 

(b) Auto-correlation between vertical and horizontal polarization of the ambient noise, on one single sensor. 
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their deterioration. Finally, it is non-destructive and does not require expensive 

drilling. 

 However, forecasting a rupture before it occurs—and not after—requires 1) 

to validate statistically the precursory signals compared to false warnings 2) to 

know before the event which processing parameter will highlight the precursor and 

3) to be reactive enough to raise a warning before the event. Up to now, precursory 

signals were observed at Pont-Bourquin and Harmalière landslide (Mainsant et al., 

2012b; Fiolleau et al., in preparation). Bièvre et al. (2018) recently showed four 

additional years of monitoring on this site for which no failure occurred, and high-

lighted seasonal velocity variations that remained below ±2%, suggesting this 

threshold would be sufficient to avoid false warnings. Statistical relevance should 

then be assessed on multiple landslides and new ongoing studies (Table 2-1) should 

validate it. 

Prior knowledge of the landslide is important to set proper parameters in the 

processing workflow. A depth sensitivity analysis should constrain parameters of 

frequency and time window (detailed in subsection 3), requiring first to investigate 

the sliding surface depth and the seismic velocities in the unstable mass. A learning 

time would also be valuable, to observe the landslide behavior in regard to envi-

ronmental influences and set a threshold that would avoid false warning. 

Effective lead time is of paramount importance to anticipate a failure, and give 

enough time to make decisions and take actions. That means to automatize fast 

processing and warning system with minimum manual intervention, to reduce the 

time resolution below a day, and maybe to correct for environmental influences to 

increase the sensitivity to the precursor. 

2.32.32.32.3 Environmental influence on the Environmental influence on the Environmental influence on the Environmental influence on the dv/vdv/vdv/vdv/v    

2.3.1 Seasonal variations on landslides 

Environmental influences on apparent relative seismic velocity (dv/v) are clearly 

visible on Fig. 2-2. Understanding and predicting these variations would allow dis-

criminating them from true precursory signals, thus reducing false warning rates 

and increasing the lead time. Seasonal variations on the Pont-Bourquin landslide 

were clearly highlighted in (Larose et al., 2015), and later interpreted in (Bièvre et 

al., 2018) and (Voisin et al., 2016) for shallow and deep-seated landslides, respecti-

vely.  
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Fig. 2-2: (a) Relative velocity changes dv/v at Pont-Bourquin landslide between March 2010 and March 2016, for the 

frequency range 8–12 Hz. The horizontal gray lines represent the proposed threshold of ±2% and the blue circles 

highlight seasonal increases. (b) The associated correlation coefficient. From (Bièvre et al., 2018; Larose et al., 2015)  

On Utiku landslide (Voisin et al., 2016) the dv/v clearly appeared negatively 

correlated with a measured groundwater level (Fig. 2-3.a), suggesting its predomi-

nance on the dv/v control. On the Pont-Bourquin landslide (Bièvre et al., 2018), 

the dv/v appeared negatively correlated to rainfall with 2–5 days of lag (Fig. 2-3.b), 

positively correlated to air temperature with 30–50 days of delay (Fig. 2-4), and 

positively correlated with cold peaks in winter. That suggests a possible control of 

groundwater, shallow soil temperature (±2% for both) and frost (±1%). While the 

influence of rainfall/water table should control rapid variations of dv/v, it seems 

unsure whether the long-term seasonal variations are controlled by temperature 

and/or water elevation at Pont-Bourquin. To better understand seasonal effect then 

requires to enlarge the study scope to non-landslide investigations. 
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Fig. 2-3: Influence of water shown two landslides. (a) On Utiku landslide, the measurements of dv/v over a year show a 

clear negative correlation with the measured groundwater level—modified from (Voisin et al., 2016) (b). Pont-Bourquin 

landslide, the cross-correlation between dv/v and rainfall over four years shows a clear peak of negative correlations 2–5 

days after the rainfall event, due to the infiltration delay. 

 

 
Fig. 2-4: Correlation between dv/v and air temperature on the Pont-Bourquin landslide time series, filtered for periods 

higher than 300 days. It shows that temperature increases are followed by velocity increases with a lag of 30–40 days, 

which suggests a causal relation due to thermo-elastic stress. From (Bièvre et al., 2018). 

2.3.2 Seasonal variations in general 

Seasonal variations of dv/v were observed on various sites (Table 2-2) including 

volcano, sedimentary basin, landslide, groundwater storage, CO2 storage, and even 

lunar soil, glacier and ice sheet. A first look at these studies reveals that the ampli-

tude of seasonal variations varies by a factor 200 between studies, from 0.03% 

(a) 

(b) 
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(Lecocq et al., 2017; Wang et al., 2008) to 6% (James et al., 2017). This suggests 

very heterogeneous behaviors between studies. However this discrepancy can mostly 

be explained by the different investigation depths. Indeed, when comparing the 

studies together, the seasonal amplitude appears to follow a trend with the central 

frequency f chosen for filtering the correlation (Fig. 2-5). The trend relation 
3/2

max
~v v f∆  appeared respected for all the study sites, on the moon (Sens-Schön-

felder and Larose, 2008) and Greenland ice sheet (Mordret et al., 2016). This trend 

suggests that near-surface soil would be more sensitive to seasonal variations than 

deep material, because lower-frequency surface waves are sensitive at greater depth. 

Inter-station distance and time window also followed a trend with the seasonal 

variation amplitude (not shown here). This is explained because all these parame-

ters are in practice mutually correlated to investigation depth. In fact, multiple 

studies have observed an increase of seasonal variations with early time windows 

(Hillers et al., 2015b; Richter et al., 2014; Sens-Schönfelder and Wegler, 2006), 

shorter inter-station distance (Meier et al., 2010) and higher frequencies (Richter 

et al., 2014; Voisin et al., 2016). Only one study observed a decrease of seasonal 

variation when increasing the frequency (Hillers et al., 2015a), which was explained 

by the sensitivity of deep rock to thermo-elastic strain.  

Two conclusions appear from this trend. First, the ratio between frequency and 

seasonal velocity variations follow the same trend even in different regions and 

materials (except for the Moon and Greenland ice sheet, which are very different 

contexts). The same seasonal influences should then occur on landslides. Secondly, 

investigating a shallow landslide should lead to stronger seasonal variations than a 

deep-seated landslide.  

 

Table 2-2: Environmental variations of seismic velocity observed on the long-term (monthly, yearly and multiple years) 

in different studies 

Study 
Frequency 

(Hz) 

Amplitude 

(%) 
Context Suggested governing influence 

(Sens-Schönfelder 

and Wegler, 2006) 

Broadband 

>0.5 
4 Volcano, Merapi, Indonesia Groundwater level (–) 

(Sens-Schönfelder 

and Larose, 2008) 
6–11 0.15 Lunar soil, Apollo 17 Temperature (+, 7d) 

(Meier et al., 2010; 

Tsai, 2011) 
0.1–2 0.1 Basin, Los Angeles, USA Groundwater level (–) 
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(Voisin et al., 2016) 
6–8 2.2 

Landslide, Utiku Groundwater level (–)  
3–20 6 

(Bièvre et al., 2018; 

Larose et al., 2015) 
8–12 3 

Landslide, Pont-Bourquin, Switzer-

land 

Rainfall (–), temperature (+, 40d), 

frost (+) 

(Wang et al., 2017) 0.15-0.9 0.03 Whole Japan, Hi-net 
Pore pressure (–), snow depth (+), sea 

level/tide (+), Temperature (+, 40d) 

(Miao et al., 2018) 
Broadband 

<30 
0.3 ms East Japan, Kik-net Rainfall (–) 

(Lecocq et al., 

2017) 
0.1–0.8 0.04 

Ground water storage, Gräfenberg 

Array, Germany.  

Temperature (+)  

and groundwater level (–) 

(Clements and 

Denolle, 2018) 
0.5–2 0.3 

Groundwater basin, San Gabriel 

Valley, California 
Groundwater level (–) 

(Hillers et al., 

2015a) 
0.5–2 0.2 San Jancinto Fault, California, USA Temperature (+, 20d) 

(Hillers et al., 

2015b) 
2–8 0.3 

Mountain, San Jancinto Fault Area, 

Piñon Flat Observatory, California, 

USA 

Tidal strain (–) 

(Hillers et al., 2014) 1–4 0.3 Chelungpu fault, Taiwan Precipitations/groundwater level (–) 

(Richter et al., 

2014) 

4–6 0.29 
Northern Chile Temperature (+, 33d) 

9–11 2 

(Mordret et al., 

2016) 
0.1–0.3 0.1 Ice sheet, western Greenland Ice mass (–, 2 months) 

(Preiswerk and Wal-

ter, 2018) 

2–8 10 dB SNR Glacier, Aletsch, Switzerland Source variation 

4–16 CC drop Glacier, Plaine Morte, Switzerland 
Source variation due to drainage/filling 

of a glacier-dammed lake 

(James et al., 2017) 13–17 6 
Permafrost, Poker Flat Research 

Range, Alaska 
Soil freezing (+)/melting (–) 

(Guillemot et al., in 

preparation) 
4–10 3 Rock glacier, Gugla, Switzerland Soil freezing (+)/melting (–) 

(Gassenmeier et al., 

2015) 
1.5–3 0.8 CO2 storage site, Ketzin, Germany Groundwater level (–), Frost (+) 

(Rivet et al., 2014) 0.1–2 0.50 Volcano, Piton de la Fournaise   

(Hobiger et al., 

2016) 

0.25–0.5 0.02–0.04 

Earthquakes in Japan Curve fitting with a sinusoidal function 0.5–1 0.04–0.12 

1–2 0.08 
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Fig. 2-5: Amplitude of the seasonal variation of relative velocity versus central frequency. Coefficient a = 0.11 (dashed 

lines: 0.02 and 0.4). 

The different governing causes suggested in studies from Table 2-2 may appear 

contradictory on a first look. Temperature and groundwater level are often sug-

gested, but are often mutually correlated over a year and difficult to discriminate. 

Furthermore, rainfalls that increase groundwater level can also reduce soil temper-

ature. Temperature is usually observed to vary a few days before the dv/v. Depend-

ing on the study, that lag would either discard the temperature influence, or confirm 

it, due to thermal diffusion in the soil. Tide level would affect crustal stress (Luttrell 

and Sandwell, 2010) but could also increase the groundwater level near the coast. 

Snow load would increase the stress and apparent velocity (Wang et al., 2017), but 

its melting also increases the groundwater level. 

In addition to that complexity, seasonal variations would differ on a regional scale 

(Wang et al., 2017) and their influence parameters may have to be estimated lo-

cally. When trying to discriminate seasonal effects from exceptional events, a prag-

matic approach is then to take into account the multiple effects together and fit 

coefficients to account for their different importance (Wang et al., 2017). 

At the pore scale, these influences can be separated between mechanical strain 

(thermo-elastic, tidal, atmospheric, groundwater load and snow load) and pore sat-
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uration. Environmental variations on the crustal scale can influence both the me-

chanical strain and the pore saturation, at the pore scale. For example, tide can 

both induce stress changes and modify the groundwater level. Groundwater level 

in turn affects pore saturation and material strain. 

Despite some disagreements on the governing cause, every study agree on the 

sign (positive/negative) of those suggested influences on the apparent velocity: 

groundwater elevation decreases the apparent velocity and temperature increases 

it. In cold conditions, soil freezing increases the velocity and soil melting decreases 

it.  

The influence of temperature was clearly discriminated from groundwater in Rich-

ter et al. (2014) and Sens-Schönfelder and Larose (2008), because the measurements 

were situated respectively in an arid desert and on the moon without water, and 

still displayed cyclic variations corresponding to the temperature cycle. 

The influence of groundwater level is of particular importance for studying rain-

fall-induced landslides because groundwater elevation decreases the dv/v under nor-

mal conditions (for example on Fig. 2-6). This environmental dv/v drop should 

then be discriminated from the drop due to clay liquefaction prior to a failure 

(Mainsant et al., 2012b). A better understanding of groundwater influence is there-

fore essential, and should be studied at the time scale of the early warning: a few 

days. 

 
Fig. 2-6: Relating seismic wave speed temporal perturbations (in black) to groundwater level (in blue) and modeled 

thermoelastic strain (dashed) in the Baldwin Park Key Well, in California Basin. From (Clements and Denolle, 2018) 

2.3.3 Daily variations 

Daily time scale has been less studied than seasonal variations, for multiple rea-

sons. Sub-daily correlations are noisier, less stable, and prone to daily source insta-
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bility and soil variations, compared to correlations stacked over several days. Ob-

serving deep geological structure requires a high accuracy to spot small dv/v and a 

resolution of one or several days is sufficient in most of the studies anyway. 

On the contrary, the observation of shallow layers is likely to raise strong dv/v 

variations (several %) and tolerate a lower signal-noise ratio. The first meters of 

soil could show variation within a few hours due to temperature variation, rainfall, 

frost or simply source variation (e.g., road traffic) that would vary along the day. 

Understanding these rapid variations is valuable to distinguish them from a poten-

tial precursor, but also to improve the time resolution to a few hours and therefore 

increase the lead time. Observing sub-daily data should also help to understand the 

daily environmental influences from only a few days of data, instead of the multiple 

years required to understand them from seasonal variations.  

Few studies have worked on daily variation of the dv/v (see Table 2-3). Because 

of the difficulties cited above, each one had to adapt its processing to the observa-

tion of sub-daily raw data. Takano et al. (2014) computed noisy correlation func-

tions every minute between 2 a.m.—4 p.m. and averaged them over three months. 

It resulted in one correlation function during tidal dilatation and another during 

contraction, which were then compared. Planès et al. (2017) and Voisin et al. (2017) 

used the energetic early arrivals of the correlation after verifying the source stability 

and azimuth, and discarding unstable sources. Mao et al., (2019) denoised the cor-

relation with a Wiener filter (Moreau et al., 2017), averaged the dv/v over 1225 

pairs and studied the resulting time series in the frequency domain. Richter et al. 

(2014) computed a dv/v between each hourly correlation and their average over 

the same day, then computed the average dv/v over 1557 days separately for each 

hour of the day. James et al. (2017) presented only the amplitudes of daily varia-

tions without detailing its specific processing and Preiswerk and Walter (2018) 

showed the abrupt loss of coherence between two consecutive daily correlation func-

tions due to a source change. 

Suggested daily influences are the same as seasonal ones. Daily temperature var-

iation is positively correlated to dv/v within the arid desert of Atacama, probably 

due to thermo-elastic stress (Richter et al., 2014). Sea level/tide appeared nega-

tively correlated with dv/v in two studies (Planès et al., 2016; Takano et al., 2014). 

However, the suggested causes are different. In mountainous and volcanic regions, 

the variations of 0.2% (Fig. 2-7) are suggested to originate from the Earth tide. On 

a coastal levee, a stronger variation of 5% variation fitted perfectly to the measured 
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variations of groundwater level caused by the tide (Fig. 2-8) demonstrating the 

effect of groundwater. The causality of groundwater influence was demonstrated 

(Voisin et al., 2017) by injecting water in a water storage site, which again showed 

a clear negative correlation between the groundwater level and the apparent dv/v 

(Fig. 2-9) 

 

Table 2-3: Daily variations of dv/v observed in different applications. 

 

Study 

Fre-

quency 

(Hz) 

Ampli-

tude of 

dv/v (%) 

Context Suggested governing influence 

(Takano et al., 

2014) 
1–2 0.19 Volcano, Iwate, Japan 

Tidal strain (decrease of velocity dur-

ing dilatational episodes) 

(James et al., 

2017) 
13–17 0.2 

Permafrost, Poker Flat Re-

search Range, Alaska 

No suggestion for daily variations 

(only seasonal) 

(Planès et al., 

2017) 
5–20 5 

Sea levee, Colijnsplaat, 

Netherlands 

Pore water pressure (–) [due to tide 

level] 

(Preiswerk and 

Walter, 2018) 
4–16 CC drop 

Glacier, Plaine Morte, Swit-

zerland 

Source variation, due to drainage/fill-

ing of a glacier-dammed lake 

(Mao et al., 

2019) 
1–5 0.02 

Volcano, Piton de la Four-

naise, La Réunion 
Tidal strain, temperature 

(Voisin et al., 

2017) 
5–12 3 

Groundwater storage, 

Crépieux-Charmy, France 

Groundwater level (–) controlled by 

fluid injection. 

(Richter et al., 

2014) 
4–6 0.09 Northern Chile Temperature (+, 3h) 
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Fig. 2-7: Highlighting the effect of daily temperature variation at Atacama Desert. From (Richter et al., 2014) 

 

 
Fig. 2-8: Highlighting the correlation between dv/v, tide and groundwater level on a coastal levee. From (Planès et al., 

2017) 
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Fig. 2-9: Ground water levels compared to daily-smoothed dv/v at 3–20 Hz during a controlled fluid injection, which 

proves the causal link from water level to dv/v. From (Voisin et al., 2017). 

2.42.42.42.4 AAAAdapting the method to an earlydapting the method to an earlydapting the method to an earlydapting the method to an early----warning systemwarning systemwarning systemwarning system    

2.4.1 General processing workflow 

A general processing workflow is presented in Fig. 2-10. For an early warning 

system, the workflow should rapidly detect changes of dv/v and raise a warning 

with the shortest possible lead time. However, increasing the reactivity may dete-

riorate the signal-to-noise ratio and lead to false early warnings. A tradeoff should 

then be found between reactivity and stability (in blue). The precursor should also 

be detected automatically with a minimal human intervention and prior knowledge 

about the landslide. The process should constrain the parameterization as much as 

possible with minimal manual tuning. A prior knowledge of the structure of the 

landslide at depth and a seismic velocity profile would help to constrain the choice 

of the frequency band, time window and optionally sensor pair selection (in yellow). 

The steps of the processing are presented in the following sections. 
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Fig. 2-10: General workflow to process ambient seismic noise correlation and extract daily relative velocity changes dv/v 

and decorrelation coefficients. Modified after (Larose et al., 2015). 

The workflow starts by preparing the raw continuous data recorded by the seis-

mometer, or “traces”. Traces consist of ground vibration measurements in 1 or 3 

directions (vertical or 3D). Data is typically sampled every 1–10 milliseconds and 

accurately timed by a GPS-synchronized clock. Sensors are selected by pairs that 

are within the area of investigation. Their traces are split in time by samples of 

equal size and time base. The length of the samples, typically one hour, defines the 

minimal resolution of the dv/v. The traces frequencies are then normalized and 

filtered around the desired frequency/depth of investigation. This can be done in 

the frequency domain with an apodization window min max,
( )

f f
A ω  to filter the selected 

bandwidth[ ]min max,f f  and shows a smooth transition from 0 out of the bandwidth 

to 1 within the selected bandwidth: 

  min max

raw
,filtered

raw

( )
( ) ( )

( )

f fi
i

i

S
S A

S

ω
ω ω

ω
=  (2-1)

The correlation of two traces ( )a t  and ( )b t  gives an approximation of the GF 

AB
h  between their two sensors (it is possible also possible to exploit one single 

sensor using autocorrelation): 

  ( ) ( ) ( ) ( )
AB AB

h t ccf t a b t dθ θ θ≈ = +∫  (2-2)

The resulting cross-correlation functions (CCF) can be normalized by the traces 

energy ( ) ( )2 2( ) ( )a t b t∑ ∑ , or instead be computed with a deconvolution (Nakata and 

Snieder, 2012), not discussed here. 
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CCFs are then stacked and filtered in frequency. A reference CCF is chosen (often 

the average CCF over the whole period), and each CCF is compared with the 

reference within a defined time window to extract their dv/v. The choice of pro-

cessing steps and parameters such as averaging, frequency filtering, reference selec-

tion and time window depend on the investigation depth and on the appropriate 

tradeoff between stability and reactivity. These are discussed in the next section. 

Computing the dv/v between two CCF uses either the stretching or doublet 

method. These were compared by Hadziioannou et al. (2009). The doublet method 

measures the time shift t∆  between two CCFs on a narrow moving window in the 

time or frequency domain, and extracts the slope t t∆ (Fig. 2-11). The stretching 

method (Sens-Schönfelder and Wegler, 2006) consists of testing several possible 

velocity changes of dv/v by resampling the time of the CCF ( )( )( ) 1h t h t dv v→ − . 

The optimum velocity change dv/v at a given date maximizes the correlation coef-

ficient computed between the stretched and reference CCF: 

  
( )( )

( )( ) ( )
2 2

1 ( )

1

ref
h t dV V h t dtdV

CC
V h t dV V dt h t dt

+ 
= 

  +

∫

∫ ∫
 (2-3)

When compared, the doublet would better eliminate localized decorrelations outli-

ers, spot non-linear velocity variation along the time windows, and provide the 

same contribution from every part of the CCF whatever their amplitude. On the 

other hand, the stretching would work with a lower signal-noise ratio and requires 

less parametrization, which seems preferable for an automatic early-warning sys-

tem. To equalize the contribution from the different times in the CCF, we propose 

to normalize its amplitude before applying the stretching method. 

Finally, if the dv/v is computed over multiple pairs, that can serve to localize the 

velocity change spatially (Brenguier et al., 2008b), or to compute an averaged dv/v 

and a standard deviation.  
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Fig. 2-11: Illustration of the method of (top) doublet and (bottom) stretching, from (Hadziioannou, 2011; Hadziioannou 

et al., 2009)  

 

2.4.2 Investigation depth 

Ideally, a CCF would reconstruct the response of a pulse originating from sensor 

A and measured on sensor B, after a complex propagation in the medium. This 

propagation consists in surface waves and scattered surface and/or body waves, 

with a mutual conversion between them. Each propagation mode will exhibit dif-

ferent sensitivity to depth, wave frequency, time response and material properties 

(Obermann et al., 2013b). 

Surface waves phase velocity and penetration depth depend on their frequency 

and on the bulk P and S velocities of the subsurface layers. The choice of frequency 

to filter the CCFs is then crucial, and depends on the depth and material that 

needs to be monitored (Fig. 2-12). 
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Fig. 2-12: Sensitivity of the Rayleigh phase velocity c to a shear velocity perturbation dVs in Wenchuan region, for 

different frequencies, highlighting the dependence of the depth of investigation to frequency. SG and SB correspond to 

two different sites. From (Froment et al., 2013). 

Scattered body waves can propagate much deeper than the sensitivity depth of 

surface waves, and therefore be sensitive to deeper material. Their sensitivity depth 

depends mostly on the observed time window in the coda (late times correspond to 

waves that traveled deep in the subsurface). But it also depends on the inter-station 

distance, on the velocity of the medium and on its scattering properties (which in 

turn depends on the wavelength/frequency). All these parameters are mutually 

dependent, for example increasing the inter-station distance will necessarily require 

to increase the time window. 

A sensitivity depth has been modeled by Obermann et al., (2013b) (Fig. 2-13) to 

separate the contribution of surface waves (in red) and body waves (in blue) to the 

apparent velocity change dv/vapp in response to a bulk velocity change dv/vbulk of a 

layer placed at a variable depth. The figure shows that surface wave sensitivity is 

quite shallow (approximately half a wavelength) compared to scattered body waves 

that travel at a much greater depth. 
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Fig. 2-13: Model of the apparent velocity response to a change of bulk velocity of a layer depending on its depth (layer 

thickness=200m, P-wavelength=340m, frequency=20 Hz, time window=2.8-4.4s). The surface waves are sensitive to 

changes near the surface (in red, up to approximately half the wavelength) and the diffused waves (in blue) are sensitive 

to much deeper changes (in blue) which mostly depend on the medium scattering and inter-station distance. Redrawn 

from (Obermann et al., 2013b). 

The repartition between body and surface waves sensitivity depends not only on 

depth, but also on the choice of the time window, and on the scattering properties 

of the medium (Fig. 2-14). In early times, surface waves dominate, at late times 

bulk waves do. Medium scattering is expressed by the mean travel time/distance 

of a propagated ray before being scattered. Medium with a higher degree of heter-

ogeneities = means more scattered waves and smaller transport mean free time/path 

(Table 2-4). Surface-wave observation, and therefore short time window is preferred 

in shallow near-surface landslides. Ideally, constraining the limit of the time window 

would require to estimate the transport mean free path which is rarely measured. 

However in practice, the time window is set between the end of the high-amplitude 

direct surface waves, up to either 5–10 wavelengths or the limit before the CCF 

become too noisy. This favors the role of surface waves for our analysis on land-

slides. 
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Fig. 2-14: Ratio between the surface waves (red) and body waves (blue) sensitivity, depending on the choice of the time 

window for a perturbed layer at a depth of 500 m. The time window is normalized by the transport mean free time 
* * /t l c=  , with c  the bulk wave velocity and 

*
l  the mean free path length between two scatterings which depends 

on the level of heterogeneityσ  . Surface waves dominate for the six mean free times. From (Obermann et al., 2013b). 

 

Table 2-4: Scattering mean free path and transport mean free path calculated experimentally for models with different 

amounts of heterogeneity for the model presented in (Obermann et al., 2013b). 

 

2.4.3 Stability, reactivity and signal-noise ratio 

Processing the correlation function will face tradeoffs. The first tradeoff is be-

tween using defined strong sources or eliminating their contribution (Fig. 2-15). 

Cross-correlation interferometry was firstly applied to the coda (=late arrivals) of 

earthquake events, well localized in time. For continuous monitoring, repeated 

smaller sources are preferred such as small earthquakes, ice quakes, cars or artificial 

sources. However reconstructing a GF would require either a source aligned with 

the two sensors, perfectly distributed sources around the sensors, or a highly scat-

tering medium (scatterers act as secondary sources). In practice these conditions 

are rarely respected. Nevertheless, an approximated but stable GF is sufficient for 
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monitoring (Hadziioannou et al., 2009). So using localized and often active sources 

requires to study and to select the sources to ensure their stability (stability in 

position, not in time). Another approach is to use only diffuse and weak sources, 

which are scattered multiple times before arriving on the sensor. Scattered sources 

will ensure a better spatial repartition of the pseudo-sources (scatterers should be 

surrounding the sensors) as well as a better stability (underground scatterers rarely 

move). In practice, scattered pseudo-sources are continuous in time but with low 

amplitude, as opposed to short-time events with strong amplitude. Events can be 

removed from the traces or shrunk by clipping it to a maximum value, such as 3d 

or one-bit reduction (Larose, 2004). Such process will strongly increase the contri-

bution of scattered waves (very stable) and continuous weak sources (often stable) 

and improve the source stability. Clipping provides stable correlations and fits well 

with an automatic processing. 

Similarly, waves that travel between two sensors are either direct or scattered, 

corresponding in the correlation to early and late arrivals, respectively. Direct waves 

are more energetic, but again, depend on the source directionality and would be 

more impacted by a minor change of the soil at the surface just between the sensors, 

such as a crack (Fig. 2-15). The emergence of scattered waves in the correlation 

again requires a better signal-noise ratio and a longer time of observation, but 

provides more stability. Furthermore, velocity variations is easier to measure with 

long coda of scattered waves (10+ wavelengths) than with early arrivals, for two 

reasons. First, computing velocity variations over several wavelengths instead of 

using only one maximum estimation is more accurate and resilient to noise. Second, 

the direct waves arrive very close to t=0 for sensors installed at short distance, so 

an error on the estimation of dt is manified when computing dt/t. 
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Fig. 2-15: Tradeoff between stability of the GF and its level of energy. 

Improving the correlation stability requires longer recording times to balance 

the low signal amplitude, which deteriorates the time resolution of the method. 

On a landslide, correlations are typically computed every hour and then averaged 

over 24h to improve the signal-noise ratio and to eliminate daily variations due to 

source and subsurface variations. 24-hour averaging appears sufficient for detect-

ing dv/v variations of the order of a few percent (see Fig. 2-7). Still, that may not 

be sufficient for a landslide early-warning system. A shorter resolution, such as 

hourly, would strongly increase the effective lead time (precursory signals are of-

ten required for redundancy before making a warning). However that would re-

quire handling daily cyclic variations of potentially several % (Fig. 2-8) and work-

ing with noisy correlations. To handle the daily variations, we propose first to 

continue averaging correlations over 24h, but using an hourly moving window to 

increase the resolution without affecting the stability of the CCF. To be more re-

active, daily variations could be handled by comparing correlations at the same 

time of the day between different days, as a variant of the method used in Rich-

ter et al. (2014). Noise reduction could be operated by using the SVD-Wiener fil-

ter introduced by Moreau et al. (2017) that exploits the coherence from one corre-

lation to the other, in order to remove the noise that is not coherent between cor-

relations. 
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The reference CCF chosen to compute the dv/v affects the reactivity to detect 

strong variations. Most studies use the average correlation over the whole investi-

gated period or over a stable period. Averaging ensures weak noise and reference 

uniqueness ensures coherence between all the computed dv/v. However, strong 

changes of the sources or propagating medium over time would result in a loss of 

coherence compared to the averaged reference, and therefore prevent the good 

quality of the measured dv/v. On permafrost for example, the melting strongly al-

ters the correlation over time. In that case, computing the reference over a mov-

ing window averaged over 3 to 10 days allows resolving large velocity variations 

(James et al., 2017), at the cost of a lower signal-to-noise ratio and a long-term 

drift (easily compensated). In extreme cases, the dv/v can be computed between 

every possible couple of dates ,i j  from the same sensor, resulting in a 2-D grid of

,i j
vδ . The optimal 1-D time series of i

vδ  is then inverted to minimize every 

,i j j i
v v vδ δ δ= − and provide a dv/v time series that best fits the grid (Brenguier et 

al., 2014; Machacca et al., 2019, 2017). A comparison with the standard stretch-

ing technique is provided in Fig. 2-16. The inverted dv/v is tested with different 

inversion parameters β . This parameter is the characteristic length of correlation 

between the model parameters. The choice of β  will either smooth the dv/v time 

series or provide a higher temporal resolution with stronger variations. This tech-

nique compensate for the higher noise by the matrix inversion. It allows detecting 

rapid changes by comparing correlations that are close in time. It gives a lower 

weight to the couples that have a low coherence. And the method resolves the 

problem of drift that exists when using a moving-window reference, by comparing 

also correlations that are distant in time. This results in a better reactivity/stabil-

ity tradeoff on landslides, at the cost of a higher computational complexity and 

cost.  
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Fig. 2-16: (top) Comparison of an inverted dv/v time series with the standard stretching method, and (bottom) 

different time series obtained, depending on β  the characteristic length of correlation between the model parameter

vδ . From (Machacca et al., 2017) and (Brenguier et al., 2014, supp. material), respectively. 

2.4.4 Assessing the uncertainty 

Estimating dv/v uncertainty would increase the reliability of a warning system. 

Lower coherence coefficients between the CCF and the reference or between each 

pair of CCF (Fig. 2-17) are often used to discard meaningless dv/v computations. 

However, deciding the coherence threshold that discard couples of dv/v (often 0.6) 

is a rough and approximate process. Furthermore, precursory drops of dv/v were 

shown to be accompanied by a drop of coherence (Fig. 2-2.b), and lower coherence 
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could be a precursory signal in itself (Fiolleau et al., 2018, in preparation). There-

fore, correlation coherence should instead remain as a valuable indicator. 

 
Fig. 2-17: Matrix of coherence coefficient between different every possible combination of correlation on the same sensor 

for 15 years at Merapi Volcano. The correlation coefficients < 0.6 were discarded. From (Lesage et al., 2014). 

A mathematical approach was introduced to compute an error based on the max-

imized correlation coefficient ( )CC dv v  between the stretched and reference corre-

lation. The error also depends on frequency bandwidth 1 T , on the time window [

1t , 2t ], and on the central pulsation c
ω (Weaver et al., 2011): 

  
( )

( ) ( )

2

2

2 3 3

2 1

1 6

2
c

CC dv v Tdv
rms

v CC dv v t t

π

ω

− 
= 

− 
 (2-4)

More empirically, the dv/v can be computed for different configurations (e.g., 

multiple time windows and/or multiple sensor pairs) in order to extract their aver-

age, standard deviation or probability density function. For the best possible ro-

bustness, both approaches should be combined. The averaging approach would in-

crease the robustness but would also reduce the impact of a precursory signal that 

would be localized only on one pair of sensors. Therefore, warning threshold should 

be set on the average dv/v value, the statistical standard deviation over multiple 

pairs or time windows, and the rms computed from the CC, all at the same time. 
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3.13.13.13.1 PPPPrinciples of passive RFIDrinciples of passive RFIDrinciples of passive RFIDrinciples of passive RFID    

Billions of passive targets, or tags, are produced by the RFID industry every year 

(Das, 2017) to identify goods remotely. That led to numerous research and business 

applications (Ngai et al., 2008; Tzeng et al., 2008). Technically, the technology 

relies on a forward and backward communication between a reader and a tag (Fig. 

3-1). During the forward link, a reader emits a radio-frequency carrier wave towards 

a tag. This wave creates a current in the tag antenna that powers its electronic 

circuits. The wave can contain data to give instructions to the tag. During the 

backward link, the tag modifies the wave by load modulation to send back its own 

identification data to the reader. 

Passive RFID tags are often replacing barcode optical identification. Their main 

advantage is to be readable even without direct optical line of sight and under 

different orientations. Their major disadvantage is their higher cost per tag (0.01-

10€) than barcodes. However for earth science this cost is negligible, and several 

orders of magnitudes below conventional sensors. 

The different categories of passive tag are presented on Fig. 3-2, and illustrated 

in Fig. 3-3. We firstly separate them by the logic that store and restitute their 

identifiers. Chipless tags do not contain electronic chips and restitute their identifier 
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directly through physical means, using for example electromagnetic resonators or 

electroacoustic conversion (Preradovic and Karmakar, 2010). However this study 

focuses on tags with chips, which represent by far the largest RFID production 

today. Tags with chips have several advantages. For example, they are easily re-

configured, can store large identifiers, and comprise anticollision algorithms to read 

hundreds of tags in the same zone. Mostly, these are produced on a large scale 

which allows for buying commercial reliable devices and use interoperable stand-

ards. 

Fig. 3-1: 

General principle of reading microwaves backscattering RFID tags 

 

 
Fig. 3-2: Major categories of passive RFID tags. 

Chip tags can then be categorized on their electromagnetic communication: mag-

netic coupling and narrow or wide band backscattering. At lower frequency 

(125 kHz–13MHz), the tags communicate with magnetic coupling with the reader. 
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Except for the data communication, the physical principle is similar to metal de-

tectors and Slingram geophysical method. The power of this communication de-

creases rapidly with the distance, and this technique is commonly used at distances 

well below the wavelength.  

The backscattering communication (Stockman, 1948; Koelle et al., 1975) allows 

reading tags at distances of several wavelengths. The propagation principle is the 

same as for radars. The mainstream tags use standardized communication protocols 

(EPC Gen2, 2015) operated at UHF microwave frequencies. Today, the devices in 

Europe use the 865–868 MHz frequency band (recently expanded 915–921 MHz) 

defined by regulations (ETSI-EN 302-208, 2016). 

UHF tags provide multiple advantage to be deployed for years over large remote 

areas, which is a classical context of earth sensing. First, the low cost of the tag 

(0.01-20 €) allows for deploying numerous tags with very small budget restrictions. 

A station costs 1–10 k€, which is comparable to the cost of one single conventional 

instrument (i.e., differential GPS, long-range extensometer). Second, anticollision 

protocols allow identifying hundreds of tags present in the same zone (EPC Gen2, 

2015; Klair et al., 2010). The tags are interrogated one by one at a rate of 30 to 

800 tags per second (1–30 ms per tag). Third, the tags do not have a battery (or 

can comprise a battery assistance that lasts 10+ years) and can remain functional 

for several years at the same location with minimal maintenance. That can be useful 

for earth observation, where several years or decades of data are often useful, but 

sensor maintenance across this timescale is often problematic. 

An RFID system can provide data about the detection of a tag in a large zone, a 

tag location or displacement, and the sensing of the tag environment. The classic 

usage of RFID is to detect the presence of a tag in a zone, remotely. That can give 

a rough estimation of the tag localization. Precise localization of a tag is still a topic 

of research. It can be useful for measuring ground displacements, which is used in 

this thesis. Lastly, tags can provide sensing capabilities. Sensing is made either with 

a dedicated sensor, or using a tag antenna that is sensitive to its near environment. 

In this thesis, sensing data is secondary compared to displacement data. But it 

could be used as a primary data.  
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Fig. 3-3: Examples of tags and antennas that operate at different frequencies. At low and high frequencies (LF/HF), 

tags use coil antennas that are interrogated by inductive coupling at short distances. At higher frequencies, UHF tags 

are interrogated using propagation at large distances. Modified from (Dobkin, 2008) 

3.23.23.23.2 MMMMeasurement of ground motioneasurement of ground motioneasurement of ground motioneasurement of ground motion    

3.2.1 Manual tag detection (125 kHz) 

RFID tags were firstly used in earth science to manually trace the displacement 

of sediments in a river. The sediment position was determined by manual surveys. 

Gravel and pebble heavy sediments are moved by rivers through a process called 

bedload. To obtain in situ experimental data on this bedload process, researchers 

have deployed gravel-like particles with controlled sizes in rivers, and traced their 

displacement. Methods used in the past had several constraints: painted particles 

could not be recovered once buried, magnetic particles could be detected under-

ground but their identification required to excavate them. Active radio-frequency 

tracers greatly improved the recovery and identification. But they were more ex-

pensive (problematic when deploying 1,000+ particles), could not trace small par-

ticles due to their large size, and their usage was limited in time by their battery. 

River investigations using passive tags (also called PIT for passive integrated 

transponders) have then been introduced to track sediments in rivers (Lamarre et 

al., 2005; Nichols, 2004). Their small size, small cost, and ability to be identified 
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underground (up to 0.5 meters) proved useful for such studies (Fig. 3-4). Since 

then, the technique has been used for numerous riverine applications (i.e., Bradley 

and Tucker, 2012; Lamarre and Roy, 2008, 2008; Liébault et al., 2012). These ap-

plications were reviewed by Chapuis et al. (2014), and Piegay et al. (2016) specifi-

cally for large rivers. Many new riverine applications have emerged since these 

reviews (Bradley, 2017; Dell’Agnese et al., 2015; Dépret et al., 2017; Mao et al., 

2017; Olinde and Johnson, 2015; Plumb, 2017; Rainato et al., 2018; Raso, 2017). 

RFID tags were also used to trace wood sediments transportation by rivers (Kim 

et al., 2006; MacVicar et al., 2009; Ravazzolo et al., 2013; Santos et al., 2014; 

Schenk et al., 2014; Jochner et al., 2015; Allen et al., 2015) and coastal sediments 

(Allan et al., 2006; Benelli et al., 2009; Curtiss et al., 2009; Bertoni et al., 2010; 

Dickson et al., 2011; Miller et al., 2011; Osborne et al., 2011; Bertoni et al., 2013; 

Ford, 2014). 

 
Fig. 3-4: (a) RFID detection system manually moved along the river bed (b) stone marked with an RFID (or PIT) tag. 

From (Liébault et al., 2012).  

Other interesting application include monitoring sediments near engineered struc-

tures, such as dam walls (Gilet et al., 2018; Shahmirzadi et al., 2016), bridges 

(Lauth and Papanicolaou, 2008) or flow deflectors (Biron et al., 2012; Carré et al., 

2007). It has also been used to study  geohazard processes such as tsunami (Gose-

berg N. et al., 2016), floods (Rainato et al., 2018) or debris flow (Graff et al., 2018). 

Unusual contexts include frozen rivers (Tremblay et al., 2014), and sediments 

moved by… rodents (Amundson and Reed, 2009). 
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The scale of these studies, particularly the riverine studies, has increased in time, 

space and number of sensors. Today, studies reach 1000+ tags deployed for several 

years. That provide large and useful data (for example on Fig. 3-5), but recovering 

tags manually over large zones is tedious. A single survey can take weeks to operate, 

which strongly limits the time resolution of the data. 

 

 
Fig. 3-5: Displacement of 893 RFID tracers for 3 years, over 200-meter large area. 

From (Bradley and Tucker, 2012) 
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3.2.2 Automatic detection with a fixed station (125 kHz) 

To detect tags at a high temporal resolution, Schneider et al. (2010) proposed to 

install a semi-permanent station in a river. They installed a large coil antenna on 

the river bed, that would automatically detect a tag passing near this antenna (Fig. 

3-6). This has been later been used in mountain streams (Olinde, 2015) (Mao et 

al., 2017), to track wood debris in urban waterways (Allen et al., 2015). This tech-

nique provided high-resolution data, but at a very low spatial resolution (tags were 

detected only when passing near the station). This spatial resolution was slightly 

increased by combining several stations (Hufnagel, 2016), (Mao et al., 2017). Two 

stations allowed computing at least an average velocity between the stations, and 

more stations provided it with a better resolution. 

 
Fig. 3-6: Stationary antenna loops installed within the river, from (Mao et al., 2017). 

The transport of sediments by rivers is not linear in time. It typically alternate 

between quasi-static position and rapid motion, for example during a flood. But 

fixed stations or manual surveys only allow for computing an average velocity, from 

the data between two surveys or between two stations. To better understand the 

dynamics of these displacements would require to combine both a high temporal 

and spatial resolution. That could be done by combining the high time resolution 

of fixed stations, with the much larger reading range of UHF tags (10–100 m). That 
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has been done with 433 MHz active tags (Cassel et al., 2017). However, active tags 

have the inconveniences of higher costs and shorter life due to their battery con-

sumption, already discussed. Passive tags at 866 MHz have recently received pre-

liminary investigations for riverine tag detection, particularly concerning underwa-

ter usage or interrogation from a drone (Tedjini et al., 2015) but no results were 

published. The technical challenge of underwater interrogation is not a problem for 

an application on a landslide. Furthermore, landslide move typically by a few cen-

timeters to a few meters per year, which do not need a drone to be interrogated, 

and should fit very well for being interrogated from a fixed station. But measuring 

a slow displacement requires a high accuracy for tracking tag location. Fortunately, 

high-accuracy localization techniques have been developed in the last years by 

RFID researchers. 

3.2.3 Long-range localization using the phase (866 MHz) 

The localization of passive RFID at frequencies near 900 MHz has been subject 

to many research (Miesen et al., 2011). These methods usually estimate the 1D 

range or displacement between a tag and a station antenna, and optionally locate 

the tag in 2D or 3D using multiple station antennas. These ranging techniques are 

based on the Received Signal Strength (Griffin and Durgin, 2009; Ni et al., 2003), 

the Phase Difference of Arrival (Vossiek and Gulden, 2008; Nikitin et al., 2010) or 

more recently the Time of Flight (Arnitz et al., 2010; Arthaber et al., 2015). Cur-

rently, phase-based methods are compatible with commercial readers and offer the 

best accuracy. Several studies used the phase to localize tags with the accuracy of 

one centimeter or less (Scherhäufl et al., 2015; Wang et al., 2016; Zhou and Griffin, 

2012). 

The principles of phase difference of arrival (that we will simply call “phase”) is 

illustrated in Fig. 3-7, in the complex In-phase/Quadrature plane. The continuous 

wave emitted by the reader is radiated through an antenna. The wave Vchannel re-

present the wave backscattered by the enviroment and instruments back by the 

reader, and Vtag represents the additional contribution of the interrogated tag. The 

total wave received by the reader is then the sum of Vtag + Vchannel. Under the 

hypothesis of a stable environmental response Vchannel during the time of an RFID 

message (typically 1–30 ms), the changes in the wave received by the reader is 

mostly controlled by the tag contribution Vtag. During that time, the interrogated 

tag alternates its load impedance—and therefore the wave backscattered by its 

antenna—between two states (data 0 and 1) to include data in the backscattered 
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wave. This alternation is detected in the whole wave received by the reader (channel 

+ tag) to read the tag identifier. The phase φmeasured and amplitude Ameasured of this 

alternation can also be retrieved. With a stable environment, a constant phase shift 

induced by the tag modulation between VtagData0 and VtagData1, and a fixed tag and 

reader antenna in space, the phase and amplitude remains constant. A modification 

of the tag–reader distance would induce a phase variation , that we will commonly 

call phase for convenience. Both the signal phase and amplitude can be used for 

localization purpose. 

 
Fig. 3-7: Total backscattered signals received by the reader in complex representation. The phase φmeasured and amplitude 

Ameasured is measured from the modulated signal of a message backscattered by one tag. The voltage from the 

environment channel is supposed to be stable during this message. 

 

The relation between the phase variation δϕ , the displacement d  and the rela-

tive radial displacement rδ  is illustrated in Fig. 3-8. The relative radial displace-

ment rδ  of a backscattering tag can be computed in free space using (Nikitin et 

al., 2010): 

 
4

v
r

f
δ δϕ

π
= −  (3-1)

Where v represents the velocity of the wave (≈ 2,998 × 108 m/s in the air) at the 

central carrier frequency f (typically 866 MHz). This technique was never applied 

outdoors on large range and long times, and such usage may pose some challenges. 

 



Ph.D. thesis, M. Le Breton  Chapter 3—Measuring ground motions with passive RFID 

 —Confidential until June 2021— 81 

 

3.33.33.33.3 ChallengesChallengesChallengesChallenges    

3.3.1 Wide areas: drone and long-range tags 

Earth science requires data over wide and wild areas. That is a major challenge 

for RFID applications. Surveying large areas manually consumes a lot of time. 

Frequent surveys would be very expensive and cannot be afforded. That severely 

restrains the temporal resolution of the data. Semi-automatic surveying would allow 

for more frequent surveying with fewer efforts. The usage of Unmanned Aerial Ve-

hicles (drones) is increasing rapidly to evaluate landslide deformations (Casagli et 

al., 2017; Lucieer et al., 2013; Niethammer et al., 2012). New developments are 

being made to read tags from UAV (Casati et al., 2017; Greco et al., 2015a) and 

localize tags accurately (Buffi et al., 2017). Yet, even semi-automatic reading would 

not provide a high enough temporal resolution for operational landslide early warn-

ing. 

Permanent monitoring stations could provide a high enough temporal resolution 

for an operational early-warning system. Wild and harsh conditions pose technical 

difficulties for permanent station, which require complicated remote maintenance. 

A common problem comes from the instrument powering. Robust and low-con-

sumption material is highly advised to overcome this technical difficulty. Wide area 

is a major challenge, due to the limited reading range of fixed stations. With 

125 kHz magnetic coupling tags, this range hardly above one meter, and only allows 

for detecting a tag passing very close to the station antenna. At 866 MHz, the wave 

propagation allows for reading a tag at larger distances. The range is mainly limited 

: Schematic representation of how tag displacement is tracked by a 

static station. The phase variation measures the radial displacement rrrr 

between two acquisitions. 
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by legislation that limits the maximum emitted power within given bandwidths 

(ETSI-EN 302-208, 2016). Constructors provide material adapted to these limits. 

Commercial devices allow a reading range typically up to 10 meters, and claim to 

reach up to 60 meters with high sensitivity tags (but that may be enthusiastic, see 

appendix 3). This reading range is increasing with technological improvements. 

Today, the technical limitation of the range is usually the tag sensitivity. Research 

literature states range above 100 meters and even 1 kilometer using high-sensitivity 

tag chip. However, these chips are not standard nor produced commercially yet. 

The range can be increased using standard tag chips with custom directive anten-

nas. However that requires large antennas, that would strongly increase the cost of 

the tag and allow its interrogation only in a given direction. Such tags would be 

contradictory to the needs of RFID mainstream applications, and are not available 

commercially. 

3.3.2 Environmental influences and sensing 

Tags are also sensitive to their environment. That is exploited for sensing appli-

cations, but could create problems for their usage outdoors. The sensing can be 

realized with dedicated sensors (in that case the tag serves as a powering source 

and communication medium). Standard commercial tags can also be used as sen-

sors, by exploiting the influence of the environment on the tag antenna. The envi-

ronment can influence the received power (related to the signal amplitude A in Fig. 

3-7) (Occhiuzzi et al., 2013). The influence of environmental factors on the received 

power can be problematic because a too low power would not allow reading the 

tag. Such influence should be reduced as much as possible. A change in the tag 

antenna properties would also influence the phase (φ in Fig. 3-7). Such influence is 

less problematic for general RFID usage and allows for a more accurate sensing 

with fewer constraints than using the received power (Caccami et al., 2015). How-

ever it is highly problematic when monitoring the displacement of the tag using the 

phase. Another approach was proposed very recently to estimate the change of 

antenna impedance, by directly measuring the change of tuning frequency using 

self-tuning tags (Caccami and Marrocco, 2018). The measurement of this detuning 

would be independent from the tag position. It can provide an indication of the 

antenna parameters change, more accurately than any other antenna-based tech-

nique. This measurement could also be used to correct for environmental influences 

on the phase, as all these measurements are related (Grosinger et al., 2016). 
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There are numerous applications of antenna-based sensing (Occhiuzzi et al., 

2013). These can be improved by using specific sensing materials (Amin et al., 

2014b; Caccami et al., 2015). Applications include the measurement of temperature 

(Manzari et al., 2014a; Occhiuzzi et al., 2018), humidity and moisture (Manzari et 

al., 2012), pH or gas, light (Amin et al., 2014a), biochemical sensing (Croux et al., 

2013; Yuan et al., 2015; Caccami et al., 2015; Caccami and Marrocco, 2018; Manzari 

and Marrocco, 2014; Manzari et al., 2014b), proximity to objects (Batchelor et al., 

2014; Vera et al., 2016). Structural health monitoring (Zhang et al., 2017) applica-

tions include sensing strain, crack (Caizzone and DiGiampaolo, 2015) and corrosion. 

Applications of particular interest for sensing soil moisture (Pichorim et al., 2018; 

Aroca et al., 2018), 1-bit vibration sensing (Occhiuzzi et al., 2010; Todd et al., 2009; 

Vora et al., 2015), vibration sensing with an integrated sensor (Jayawardana et al., 

2016). 

Two conclusions are drawn from these sensing applications. Firstly, they could 

provide an interesting way for sensing the earth over several years with a large 

number of low-cost and batteryless sensors. Secondly, the variations of environmen-

tal influence factors such as temperature and humidity could create environmental 

drift when measuring the displacement of tags outdoors for long periods using their 

phase. 

3.43.43.43.4 ConclusionConclusionConclusionConclusion    

RFID has a strong potential for observing the earth over large areas and for long 

times. It has been already used for tracking sediment transportation in rivers and 

on the coasts, using inductive coupling tags (125 kHz) interrogated at short ranges 

(<1 m). Their detection with manual surveys provided data at a high spatial reso-

lution, and their automatic detection with a fixed station provided data at high 

temporal resolution. To accurately observe the displacement velocity would require 

both a high spatial and temporal resolution. For this goal, we suggest deploying 

passive backscattering tags (866 MHz) on a moving landslide, and interrogating 

them automatically from a fixed station installed on stable grounds. Their displace-

ments would be estimated using phase measurement. The technique may be limited 

by its reading range to work over large areas, and by potential environmental in-

fluence factors, such as temperature and moisture, studied in the next part.
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4.14.14.14.1 SSSSummaryummaryummaryummary    

The present study investigates meteorological factors that affect the phase of 

RFID passive tags at 868 MHz, in outdoor conditions. The study identifies the 

effect of water on the tag and base antennas, the effect of temperature on the cables, 
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tags, and base antenna, the effect of the tag support moisture, and the effect of 

atmospheric conditions on wave velocity. Combined, these effects could lead to over 

8.1 radians phase drift over a year, in a typical environment. In a tag location 

tracking application, that would correspond to an error of 22 centimeters. This 

article proposes techniques to correct these effects and to increase the phase stabil-

ity. These techniques are applied to a new RFID system, which is tested in outdoor 

conditions, for five months. The new system optimize the material used, and makes 

numerical correction based on temperature and humidity measurements. It im-

proves the phase stability for rainy days, dry days, and long-term drift by a factor 

of 3, 12 and 5 respectively. After corrections, the long-term drift was reduced to 

below 0.05 radians per month; the equivalent to 1.5 millimeter per month, which is 

within the acceptable boundary of 1 cm for the targeted landslide application. 

4.24.24.24.2 IntroductionIntroductionIntroductionIntroduction    

Backscatter tag radio-frequency identification (RFID) techniques (Heidrich et al., 

2010) have considerably developed in the last decade, by adding location tracking 

(Miesen et al., 2011) and environment sensing (Marrocco, 2010) capabilities.  

We aim to track low-cost tag location for monitoring the stability of structures 

prone to slow motions, such as landslides, volcanoes, and civil infrastructures. Those 

structures typically move from a few centimeters to a few meters over a year, re-

quiring an accuracy of ten centimeters or less per year. There are already solutions 

on the market, such as GPS (Gili et al., 2000), optical laser (Abellán et al., 2009), 

photogrammetry (Travelletti et al., 2012), radar interferometers (Herrera et al., 

2009), or radar nodes (Kenney et al., 2009). However, passive RFID tags offer a 

lower-cost alternative in terms of installation and maintenance. Real-time monitor-

ing of tag grids would provide dense data, both in space and time, at reasonable 

cost. 

Most location techniques are based either on the received signal strength indica-

tion (RSSI), or on the phase shift (Nikitin et al., 2010). Phase variation measure-

ment is more accurate than RSSI and less perturbed by geometric parameters (tag 

height, polarization angle, antenna orientation). Phase-based tag location tech-

niques (Nikitin et al., 2010) are claimed to reach centimeter to millimeter accuracy, 

when combined with multiple frequencies (Zhou and Griffin, 2012), signal strength 

and accelerometric data (Akbar et al., 2015a), a synthetic aperture moving antenna 
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(Miesen et al., 2013a), a moving tag with multiple antennas (Wang et al., 2016), 

and multiple tags and antennas (Scherhäufl et al., 2015). 

In RFID sensing, the tag is equipped with a sensor, but the analog to numeric 

conversion is realized either at the tag level when it has a dedicated sensor (Want, 

2004), or by the interrogator when the sensed data is within the backscattered wave 

properties (Occhiuzzi et al., 2013). The former is more accurate, whereas the later 

keeps simpler electronic circuits and consumes less energy. In this last case, the tag 

antenna itself acts as a sensor, and modifies the properties of the backscatter link. 

This modification is measured by the reader through signal strength, tuning fre-

quency or phase. Phase-based sensing is recent and has the advantage of not nec-

essarily deteriorating the signal strength, which improves the tag reliability, reading 

distance, and resolution. It has been used for sensing crack opening (Caizzone et 

al., 2014) and air humidity (Caccami et al., 2015). 

Phase-based experiments from existing literature were conducted indoors or 

lasted less than one hour. In such conditions, the phase offset φ0 is assumed constant 

and removed from measurements through calibration. However, during long, out-

door experiments (typically from days to months), meteorological variations may 

cause significant phase offset drifts. Such drifts should be removed for location and 

sensing applications. 

Literature on outdoor tag location includes locating objects on a construction 

field (Song et al., 2007; Razavi and Haas, 2011; Valero et al., 2015; Li et al., 2016; 

Valero and Adán, 2016), locating tags in rivers (Chapuis et al., 2015; Miller et al., 

2011; Tsakiris et al., 2015), glaciers (Rorato et al., 2014), and landslides (Lucianaz 

et al., 2015), testing a location method on a roof (Akbar et al., 2015b), and tracking 

motions of a person (Polivka et al., 2009), a train (Yang et al., 2015), or an un-

manned aerial vehicle (Greco et al., 2015b). 

Existing literature shows environmental variations as either parameters that are 

measured, sources of energy loss, or sources of device deterioration. From this 

study’s point of view, they are all considered as sources of drift. Such variations 

include temperature (Babar et al., 2012; Gutierrez et al., 2013; Lahokallio et al., 

2014; Mazur et al., 2014; Merilampi et al., 2014; Qiao et al., 2013; Yang et al., 2014; 

Yu et al., 2016; Zhenzhong et al., 2011), air humidity (Chang et al., 2007; Manzari 

et al., 2012; Merilampi et al., 2014; Saarinen et al., 2014; Virtanen et al., 2011), 

moisture (Bauer-Reich et al., 2014; Gao et al., 2011; Hasan et al., 2015; S. Kim et 
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al., 2014; Prasad et al., 2011; Siden et al., 2007; Toivonen et al., 2013), snow (Num-

mela et al., 2008), light (Amin et al., 2014a), object proximity (Alarcon et al., 2012; 

Dobkin and Weigand, 2005; Griffin et al., 2006; Mercer et al., 2011), and mechanical 

strain (Alarcon et al., 2012; Babar et al., 2013; Gutierrez et al., 2013). Over long 

observation times, (Ni et al., 2011) shows a signal strength drift in static laboratory 

conditions over eight hours, and (Watkins et al., 2007) studies tags durability out-

doors over a six-year period. However, those studies are based on energy levels and 

do not study the phase. 

The effect of meteorological conditions on environmental phase drift has rarely 

been addressed for two reasons. Firstly, radio-identification location has been de-

veloped by electronic and radio laboratories for indoor tag location tracking. Sec-

ondly, global navigation satellite systems (GNSS) already provide a robust outdoor 

localization. However, the recent developments in RFID techniques now allow for 

phase measurement with off-the-shelf and low-cost interrogators, which increases 

the accessibility of phase-based RFID applications for research, and its robustness 

for outdoor applications. 

This paper aims to identify and correct the meteorological effects on the phase. 

Firstly, it quantifies the effect of the following meteorological variations over the 

phase shift: 1) water presence over a tag or a base antenna; 2) temperature of the 

cable, tag and base antenna; 3) moisture content of a tag wood support; and 4) 

atmospheric conditions of the air. Secondly, it proposes techniques to reduce those 

effects, and apply them on a new acquisition system. Finally, it tests this system 

outdoors for five months, to evaluate its accuracy and validate the corrections under 

real, natural conditions. 

4.34.34.34.3 Method anMethod anMethod anMethod and experimental protocold experimental protocold experimental protocold experimental protocol    

In free space, the phase shift related to the direct propagation of a two-way 

backscattered wave is given by 

 4
air

f
r

v

π
ϕ = −  (4-1)

where 

airϕ  phase shift resulting from the propagation in the air; 

r  radial distance between the base and the tag; 
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v  RF wave velocity in the medium; 

f  carrier frequency. 

 

In real conditions, the measured phase also includes the propagation in the in-

struments, as in: 

 
total base air tag
ϕ ϕ ϕ ϕ= + +

 
(4-2)

where 

totalϕ   phase shift measured by the interrogator; 

baseϕ  phase shift resulting from the propagation in the reader, cable, and base 

antenna; 

tag
ϕ  phase shift resulting from the tag backscattering. 

 

Each of these terms is prone to variations: 

airϕ  is influenced by the propagation environment between the base antenna and 

the tag, such as the transmitting medium, reflectors, and scatterers. This term is 

almost independent from the RFID instruments, and its variations differ between 

each tag. This term is useful for localization applications. 

tag
ϕ  variations mostly depend on the tag electronics and on the antenna proper-

ties. The environmental conditions may influence it, from coupling/detuning effects, 

or impedance variation with temperature. These effects may be different for each 

tag. This term is useful for phase-based sensing. 

baseϕ variations depend on the reader electronics, cable properties, and base an-

tenna. This effect is the same for all tags, and can be corrected by a reference tag. 

However, since 
tag
ϕ  and airϕ are different for each tag, that would add uncontrolled 

variations. 

The first challenge for outdoor applications is to account for the changes in me-

teorological parameters (rain, air moisture, temperature), which vary over time, 

and are likely to strongly influence phase measurements. Indeed, each instrument 

part (tag, cable, antennas) or medium (air and materials near the antennas) may 

react to meteorological changes, modifying the three phase terms in equation (4-2). 
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Our purpose is to evaluate in a systematic way the effect of the meteorological 

conditions (mainly water and temperature) on the phase variations related to in-

struments, antenna detuning, and direct propagation. Multipathing, which is the 

combination of direct and indirect propagation, is not studied here. The experi-

ments are designed to minimize its effect, by studying short-time variations and by 

using highly directive antennas. 

In this article, the term variation represents a fluctuation of a measurable quan-

tity over time, which includes a true variation of the measured quantity together 

with an added error. An error comes either from a bias or from random noise. A 

bias is an error that is systematic and repeatable over a short interval of time. A 

drift is a bias that is influenced by an uncontrolled parameter that varies over long 

periods of time. The precision is an indicator of random noise, the accuracy is an 

indicator of bias, and the stability is an indicator of drift. The scope of this article 

is focused on methods for improving phase stability. The precision and accuracy 

are not studied because results are averaged and present only relative phase varia-

tions, respectively. 

The next section presents several experiments to quantify the effect of each me-

teorological factor on the phase. The experiments were performed outside and in a 

rural area, (see Fig. 1.a,b), to exclude indoor multipathing and reduce human in-

teractions. Each experiment consisted in varying one meteorological parameter 

(temperature, water) and studying its effect on one element of the measurement 

system (cable, tag, tag support, base antenna). The experimental durations were 

short enough to limit the effect of other meteorological drifts, and a control measure 

was used to verify that there was no drift from uncontrolled parameters.. 

The material used in the experiments is presented in Fig. 1.c,d. Each tag (Con-

fidex Survivor B) consisted of a quarter-wavelength patch antenna, separated by a 

foam insulator, protected by a hard-plastic casing, and based on a battery assisted 

chip (EM 4325 from EM Microelectronic). In term of lifetime, the tag’s battery may 

last 5 to 20 years under continuous reading, given the cell of 290 mAh and the 

typical micro-circuit current of 1.7–6 µA (EM 4325 Spec., 2015). The tag chip has 

an internal temperature sensor, with 0.25 °C resolution and 1 °C accuracy. We 

chose a commercial, off-the-shelf, monostatic interrogator with four channels 

(Impinj SR420), controlled by a custom software based on the manufacturer toolkit 

(Octane SDK Java). Each tag interrogation acquired the phase shift, the reader 

internal temperature, the interrogator’s time, and the temperature of the tag. We 
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performed preliminary tests, showing that the phase was not sensitive to the inter-

rogator temperature between -10 °C and 50 ° C. 

This article used data from three different systems that we will name the initial, 

intermediate, and new system. The initial system was composed of a horizontally 

polarized slot antenna (Impinj Threshold, 5 dBi), an 8-m-long coaxial cable (type 

RG-58-C/U) with solid, polyethylene insulator and a 40-cm-high wood stake to 

support the tag. The intermediate system was composed of a Yagi-Uda antenna 

(14 dBi, 1-m-long), a 15-m-long coaxial cable (type RF 240) with polyethylene foam 

insulator and the same wood supports. It was mostly used because of its higher 

read range outside. The new system was composed of a 5-m-long phase-stable cable 

(PhaseTrack LS240, from Time Domain), a radome-protected panel antenna 

(Kathrein 80010643, 21 dBi, X-Pol, 3-dB radiation angle of 8° vertical and 35° 

horizontal), non-porous tag support (0.9-m-high fiber-glass stakes, planted 0.25m 

below the ground), and super-hydrophobic coating on the tag (Neverwet). This 

system was designed to reduce the phase drift from meteorological factors, and was 

tested in outdoor conditions for five months. The use of the highly-directive 21 dBi 

base antenna, combined with tags placed at a short distance, contribute to reduce 

the impact of the ground-reflected path: its orientation is 28° downwards (Fig. 

4-1.b), which is out of the 8° main lobe of the antenna radiation pattern. 

The interrogator was configured on 30 dBm output power, 865-868-MHz carrier 

frequencies (EPC Gen2, 2015)(ETSI-EN 302-208, 2016), with approximately 20 

asynchronous readings per second. During the processing, the phase was wrapped 

within [0, π], and initialized at zero to quantify the drift. A meteorological station 

(Davis Vantage Pro 2) measured relative humidity, rainfall, pressure, and air tem-

perature. 

The instrument position was measured at different dates over four months using 

a scanning Lidar (Riegl VZ 400), to monitor instrument motions, with an error 

estimated at 6 mm. The motion of the instruments had also been measured with 

an infrared laser theodolite (Leica TCR805), placed 14m behind the tags for two 

hours with a precision measured at 1 mm.  

Each experiment was repeated two to five times, using the same device, with 

slight modifications of the experimental protocol, and showed reproducible results. 



Ph.D. thesis, M. Le Breton   Chapter 4 – Influence of temperature and water on RFID 

 —Confidential until June 2021— 93 

 

 
-1. System deployed outdoors, with (a) initial, intermediate and new system side by side, 

represented respectively with antenna 1,2 and 3, (b) two-dimensional profile of the new system 

obtained by terrestrial laser scanning, (c) tags on their support, with tag 1 from the initial system and 

tags 2-3 (4 was added later) from the new system, and (d) a tag under its casing. 
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4.44.44.44.4 Experimental ResultsExperimental ResultsExperimental ResultsExperimental Results    

4.4.1 Effect of the tag temperature 

To evaluate the effect of the tag temperature on the phase, a hydrophobic tag 

was first immersed in water, at 60°C for 20 minutes, to stabilize the tag tempera-

ture. We used water for its high calorific capacity and temperature stability. Then, 

we rapidly removed the tag from the water, dried it and placed it on a wooden, 

outdoor support. The tag remained motionless. Its temperature decreased and sta-

bilized around 0°C after 35 minutes. The meteorological conditions were dry, with 

no sun and 0°C air temperature. Fig. 2 shows the phase, depending on the temper-

ature measured by the tag. The phase shows a linear relationship with the temper-

ature, with a negative slope of 5.3×10-3 rad/°C.  

To estimate a yearly phase drift, we evaluate a yearly tag temperature range 

from 0°C to 60 °C, affected by air temperature and radiative heating. Such a tem-

perature variation corresponds to a possible phase error of 0.37 rad, which repre-

sents a relative ranging error of 10 mm. 

This instrumental and detuning effect is not characterized by constructors of tags 

and microcircuits, and may differ between tag constructions. It may originate from 

the tag’s antenna (Yadav et al., 2013), printed circuit board (Zhang et al., 1997) 

or integrated circuit. It could be cancelled by a specific tag conception, or by cali-

brating the effect and measuring the tag temperature.  

 
 

 

Phase drift versus temperature, during the cooling down of a tag, with a linear slope 

of -5.3 mrad/°C. 
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4.4.2 Effect of the RF cable temperature 

The effect of temperature on the characteristics of coaxial transmission cable has 

been previously studied (Arbuthnott et al., 1960; Czuba and Sikora, 2011; Dhawan, 

1992). It was first shown that temperature has an impact upon the cable electrical 

length, resulting from thermal expansion of the cable assembly, and change in die-

lectric permittivity of the insulator material, such as polyethylene or Teflon-PTFE. 

(Slack, 2017) 

To evaluate the effect of temperature on different cables, we plunged a large 

portion of each cable into a recipient of tap water. The water was initially mixed 

with ice, to remain at a temperature of 0°C, and then heated step by step by adding 

boiling water. The temperature was measured at each heating step and during its 

natural decrease, and is associated to a phase averaged over 10s. 

Fig. 3 shows the bivariate representation of the phase and temperature, at each 

temperature measurement. The RG58 cable shows a quadratic relation with tem-

perature, and the RF240 and PT240 show linear relationship, which are summa-

rized in Table I. 

The relative wave velocity is 66% in the RG58 (from the relative permittivity

2.3rε =  of solid polyethylene (Lanza and Herrmann, 1958)), and 83% in the 

RF240 and PT240 (from specifications). To compare the results independently from 

frequency, the relative electrical length variation is calculated by using (4-1) after 

correcting the total electrical length with the relative wave velocity. The relative 

electrical length variation reported in Table I, for the PT240 cable, is coherent with 

the specifications. However, for the solid-polyethylene-based cable, the literature 

reports a value that is twice smaller than the one we measured, at 400 MHz for the 

25-55°C temperature range (Arbuthnott et al., 1960). The different cable assembly 

may explain the difference. 

A typical yearly temperature variation of 0-60°C, over an 8-m-long cable, would 

induce a phase drift between 4.7 radians and 0.13 radians, respectively with RG58 

and PT240 coaxial cable. 

This is an instrumental effect, characterized by constructors of phase-stable ca-

bles, and independent from the tag. It could be reduced by choosing an appropriate 

cable assembly, by keeping the cable as short as possible, by estimating the cable 

temperature, or by limiting the temperature variation, either passively, for example 

by burying the cable, or with a temperature control. 
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4.4.3 Effect of the base antenna temperature 

To evaluate the effect of the antenna temperature on the phase, a fixed Yagi-Uda 

antenna was heated with a heat gun (P = 2 kW) for one minute, with regular 

movements over the whole antenna, holding the gun at an approximate distance of 

10 cm. The antenna temperature started at 12 °C, and reached approximately 50 

°C, evaluated from the same procedure applied on an independent temperature 

sensor. A control antenna remained 30 cm away from the heat gun. After heating 

the antenna, the operator went away.  

Fig. 4 shows the phase measured through the two antennas over time. A negative 

phase drift of 0.03 rad is observed while heating the antenna (t = 7.5-8.5 min). The 

phase drift progressively goes back to null after 7 minutes, while the antenna cools 

down. In a linear approximation, this variation represents -8×10-4 rad/°C. 

A temperature antenna of 0-60°C would create a phase error of 0.05 radians, or 

1.3 mm relative ranging error, which we consider negligible for our application 

 
. Phase drift versus temperature, normalized to 1-m-cable-length, for three 

different types of coaxial cables, and one control cable that was not heated. 

Table 4-1: Comparison of the phase variations from temperature, for different coaxial cables 

Cable 
Phase variation 

(mrad/m) 

Electrical length vari-

ation (ppm/°C) 

Variation, from literature / 

specs (ppm/°C) 

RG58 0.13 x T2 181 (25-55°C) 87 (25-55°C) 

RF240 1.5 x T 34 - 

PT240 0.21 x T 5.3 5 (0-60°C) 
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This instrumental effect is not characterized by constructors, and it is independ-

ent from the tag. It may vary significantly depending on the antenna, especially if 

it contains temperature-sensitive dielectric materials. It could be corrected by cali-

brating and measuring the temperature antenna. 

 

4.4.4 Atmospheric conditions on wave velocity 

Wave velocity in the low troposphere at ultra-high frequency depends on atmos-

pheric conditions (Gage and Balsley, 1980), with a celerity ratio n given by: 

 6 1

2
1 77.6 10 3.73 10

P e
n

T T

− −− = × + ×
 

(4-3)

where 

   atmospheric pressure (hPa); 

   water vapor partial pressure (hPa); 

   absolute temperature (K); 

As this value depends on several parameters, we will estimate its real drift over 

a year, with real meteorological data, obtained from a local station (Le Versoud, 

France). The partial vapor pressure e is derived from the saturated vapor pressure 

calculation in (Murray, 1967), using 

 17.2693882( 273.16)
6.1078 exp

35.86

T
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T
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-4. Phase drift versus time when heating an aluminium Yagi antenna. The 

variation with an unheated antenna  is shown for comparison. The y-axis scale is smaller 

than on other figures. 
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Where RH is the relative humidity (no unit), provided from the meteorological 

station. 

The resulting variation in air velocity is shown in Fig. 5. The velocity variation 

is converted as a phase drift, normalized for one-meter distance between the tag 

and antenna. A typical application with 10 m free air range between the tag and 

base antenna, would imply a yearly phase drift of 0.03 rad, or 0.8 mm relative 

ranging. This effect is negligible at such a distance, but should be taken into ac-

count for larger distances. This effect concerns direct and indirect propagation. It 

is generalizable for air transmission, but not other mediums such as water, vegeta-

tion or snow. As soon as the air is the only propagation medium, this effect can be 

corrected, by measuring the atmospheric condition with a meteorological sensor, 

and estimating the absolute tag range. 

 

4.4.5 Effect of water over the base antenna  

The presence of droplets or a thin layer of water on antennas, resulting from rain 

or condensation, is a well-known problem in radar (Kurri and Huuskonen, 2008), 

as it attenuates the signal but also modifies its phase. To reduce this effect, radomes 

are commonly used in combination with various types of hydrophobic surfaces (Sal-

azar et al., 2014). 

To simulate the effect of rain or condensation, an operator poured a jar of 1000 

ml of tap water everywhere over two motionless Yagi-Uda base antennas, in 10 

seconds. The first antenna was unprotected, whereas the radiating element of the 

 

Model of the relative variation of air velocity, and phase variation per distance between the 

antenna and tag, for a year, based on meteorological data. 
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second antenna was protected with a radome coated with a super-hydrophobic layer 

(Simpson et al., 2015) (Neverwet). This outdoor experiment lasted four minutes, 

fast enough to consider other meteorological parameters as constants. The air rela-

tive humidity was 46%, and the temperature was 29°C (air) and 35°C (tags). 

The phase-time curves are shown in Fig. 6, for the antennas with and without 

protection. Water is poured on the unprotected antenna at t = 0.45 min, and 

shortly after on the protected antenna. For the antenna protected with a hydro-

phobic radome, a short positive phase drift of about 1 radian is observed, which 

results from the presence of the operator. After 0.7 min, the curve is perfectly flat. 

In contrast, with the unprotected antenna, there is a total communication loss from 

0.45 min to 0.8 min, followed by a strong negative phase drift peak of about 2 rad, 

which decreases rapidly until reaching 0.3 rad at t = 1.6 min. Then, the phase 

regularly increases, and returns to a null value after 2.5 min. The fast decrease 

corresponds to water that drips and form droplets, whereas the slow decrease cor-

responds to water evaporation, which was rapid due to elevated temperature and 

low humidity. 

Using (4-1) these effects corresponds to a temporary ranging error of 55 mm for 

the maximum peak, and 8 mm for the slower decrease. 

This detuning and tag-independent effect is not characterized by traditional con-

structors. This experiment highlights the efficiency of an hydrophobic radome to 

protect the antenna from water and cancel its effect. 

 
 

 

Phase drift versus time when pouring water on a base antenna that is unprotected, or 

that is protected with a hydrophobic radome. 
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4.4.6 Effect of water over tags 

To simulate the effect of rain or condensation on tags placed outside, an operator 

dropped 25 ml of distilled water at ambient temperature (T = 7±1 °C, no sun), on 

two hard-cased tags, either unmodified, or coated with a super-hydrophobic layer 

(Neverwet). Later (t = 70 min), the operator gently dried the tag with a disposable 

tissue. The tags were attached on a hydrophobic plastic stick to avoid water on the 

support. A third tag remained dry for control. The operation of dropping water 

lasted 10 sec. The relative humidity was measured at 74±2 % during the whole 

experiment. 

Phase measurements on Fig. 7 reveals that water induced firstly a negative phase 

peak of 2.1 radian on the standard tag (equivalent to 58-mm ranging error), fol-

lowed by a slow decrease starting from 0.5 rad (14 mm) while the water slowly 

evaporated. The return to zero was obtained after the operator dried the tag. Visual 

control showed that water formed a thin layer over the surface just after pouring 

water, which rapidly aggregated into droplets, that almost did not dry (compared 

to Fig. 6) because of cold and humid conditions. The phases of the control tag and 

hydrophobic tag remained stable. 

This detuning and tag-dependent effect is not characterized by tag constructors. 

An external water protection could cancel the effect independently of the tag type. 

This experiment again shows the efficiency of the super-hydrophobic coating that 

removes the effect of water on the tag, as in (Ghahremani et al., 2016). 

 
 

 

. Phase drift versus time when pouring water on a hydrophobic and non-hydrophobic 

encapsulated tag. The phase variation for a dry tag is shown for comparison. 
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4.4.7 Moisture of the material supporting the tag 

In outdoor conditions RFID tags have to be attached on a stake, made of non-

metallic material, to avoid affecting antenna performance (Griffin et al., 2006) or 

increase multipathing complexity. Many RFID experiments use wood stakes that 

are inexpensive and easy to shape. However, wood is porous and contains moisture. 

Moisture varies with rain, air humidity and temperature, and may be inhomogene-

ous over the wood volume. The moisture content is defined as the ratio between 

the mass of water and dry wood. It typically varies between 10 to 25% within a 

year outdoors (Niklewski et al., 2016), and by 2% per day on the first centimeter 

of the material, when exposed to high air humidity (Droin et al., 1988). The mois-

ture content modifies the dielectric properties of wood (James, 1975) and thus shifts 

the phase. This effect is exploited in (Gonçalves et al., 2015), to track the moisture 

content of a cork wine-bottle-cap with a tag. 

The following experiment investigates the effect of the moisture content on the 

phase. A piece of pine-wood (dimension 35x35x125 mm, density = 0.40) was oven 

dried at 105 °C for one hour, and a second identical piece was saturated with water 

in a vacuum chamber. Their moisture content was respectively 0.3 % and 44 %, 

measured by weight difference after drying the pieces in a 105-°C oven for 24h. On 

step one, a tag was fixed on a plastic support, designed to leave free space behind 

the tag. On step two, we placed the dried wood behind the tag, in contact with its 

plastic casing, without moving the tag. On step three, we removed the dried wood 

and placed the saturated wood instead. On the last step, we removed the wood, to 

return to the initial conditions.  

Fig. 8 shows the phase shift, while changing the tag background sequentially with 

air (t = 0), dry wood (t = 2 min), saturated wood (t = 4.3 min), and air again (t 

= 8 min). The presence of dry wood behind the tag shifts the phase by 0.3 rad, and 

the 44% moisture content shifts the phase by another 0.5 rad. In a linear approxi-

mation, that corresponds to a variation of 12 mrad per percent of moisture content. 

After removing the background material, the phase returns to its initial state. 

It is difficult to estimate a typical variation of moisture content over a year: this 

parameter has different dynamics depending on the depth considered, and varies 

from one material to another. As an estimate of a maximal yearly drift, we will use 

the phase difference between dry and saturated wood in our experiment, which is 

0.5 rad. That is equivalent to 14 mm in relative ranging. 
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This detuning effect is similar to the effect of water on the tag. It could be elim-

inated by changing the tag support, whatever the tag. To correct this effect, one 

may use non-porous support, or separate the tag from its support with a metallic 

reflector.  

 

4.54.54.54.5 VVVValidationalidationalidationalidation    

4.5.1 Overview of the new system 

To validate the experimental results and the efficiency of the corrections, a static 

installation was set outside, for one month. It compares the evolution of the phase, 

between an initial system, and a new system that corrects for phase drift. 

The initial system is composed of a standard slot antenna, a coaxial cable pro-

vided by the interrogator manufacturer, and a hard-cased tag attached on a wood 

support. In comparison, the new system is numerically corrected for tag tempera-

ture (from a temperature sensor on the tag), and physically corrected for cable 

temperature (with temperature-stable cables), moisture of the tag support (with 

fiber glass stakes), water on the tag (with super-hydrophobic coating), and water 

on the base antenna (with radome-protected antenna). 

Fig. 9.a presents the phase drift over one month, and Fig. 9.b-d presents rain, 

dew indicator and tag temperature, obtained from a meteorological station on site, 

and from a temperature sensor within the tag. The phase varies from 0.50 to -2.50 

radians (3.0 rad total) on the initial system, and from 0 to -0.95 radians on the new 

  

Phase shift versus time with different moisture contents of the support material placed 

behind the tag: free air, and wood with 0% and 44% water content. 
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system. The accuracy of the new system has improved by a factor of 3 over the 

whole period. However, this accuracy may depend on the period considered. It is 

separated in the next sections into water-related drift, temperature-related drift, 

and residual unidentified slow drift. 

 
 

 
Variation over one month of (a) the phase for different RFID systems, for initial (tag 1, antenna 1) and new 

system (tag 2, antenna 3), along with (b) the measured rain rate, (c) the difference between tag temperature and 

dew point, that suggest the condensation of a water film when above a certain point, and (d) the temperature 

measured by the tag sensor. 
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4.5.2 Water effect 

Rain forms a water layer on the tags and base antenna, which impacts the phase. 

The rain on Fig. 9.b shows a strong and systematic impact over the phase. For 

example, during heavy rain on June 28th, the phase decreases of up to 2.3 radians 

on the initial system, and up to 0.7 radians on the new system. Besides, heavy rain 

creates a negative phase offset on the initial system, which takes a day or more to 

decrease, as observed after the rain episodes of June 14th and 29th. This offset comes 

from the moisture of the wood tag support, that is slow to dry, and influence the 

phase, as shown in Fig. 8. 

Dew forms a water layer on the tags and base antenna, when radiative heat loss 

decreases their temperature below the dew point. It happens mostly outdoors at 

night, from radiative heat loss. Fig 9.c shows the difference between the tag tem-

perature and the dew point, provided by the meteorological station. A positive 

difference (within the 1°C accuracy of the tag sensor) indicates dew formation on 

the tags, and on objects with the same temperature. This indicator clearly correlates 

with negative phase peaks on Fig 9.c, which often appears between 24h-6h. The 

dew effect varies from almost no variation, like on the zoom of 20th at 6am), to 

0.7/0.25 rad (former/new system) on June 15th, just after a rain episode. 

The effect of water was reduced by a factor of 3, both for rain and dew formation, 

between the initial and new system. This residual effect results from the observed 

water accumulation on the tag and antenna, even with the new system. Also, it 

was observed (not presented) that the water effect amplitude on the vertically-

polarized tags 3 and 4 was reduced by a factor of 2, simply because the vertical 

shape accumulates less water on top of the tag. A specific design of the tag and its 

casing may better correct this effect, which is out of this study scope. 

4.5.3 Temperature effect 

Fig 9.d. shows the temperature measured by the tag, which differs from air tem-

perature by radiative heat transfers. The temperature shows a positive correlation 

with the phase of the initial system, and no visible correlation on the new system, 

which is a good improvement.  

The phase-temperature ratio was previously measured at -5 mrad/°C for the tag 

(Fig. 2) and 0.13 mrad/°C2/m for the solid polyethylene cable (Fig. 3). Within a 

15-45°C temperature interval, the expected daily drift on the initial system is 1.4 

radians, however, Fig. 9 shows only a drift of 0.8 radians. The cable temperature is 
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prone to less daily variations, due to lower sun exposition, which may explain the 

difference. 

4.5.4 Slow drift 

Apart from rain and temperature effect, the phase on the new system seems to 

show a slow drift, of approximately 0.3 rad over the month. To further investigate 

this residual slow phase drift, the phase was observed for five months, with three 

hydrophobic tags attached on non-porous stakes (tags 2-4 on Fig. 1.c). The tag 2 

was used in the new system, presented on Fig.9. It was attached with two fiber-

glass stakes and a horizontal polarization. The tag 3 was vertically polarized and 

attached on one single stake, to see if the tag polarization had any effect on the 

phase drift. Finally, the tag 4 was sealed in a 70-cm-deep and 10-cm-large hole, 

filled with concrete, and vertically polarized. It replaced tag 1 on July 14th, to reduce 

a potential motion of the stakes. 

Fig. 10 shows the slow drift of those three tags, by showing the daily 95th percen-

tile. A previous test showed no meaningful change on the result between the 90th 

and 98th percentile, which proves the method robust on this dataset, to remove the 

residual effect of rain and dew, and focus on slow drift. 
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5-month trend  

The phase drifted by an average amplitude of 0.05-0.11 rad (1.4-2.8 mm) per 

month over five months, depending on the tag considered. The phase of tag 2 slowly 

decreased by 0.28 rad the first month, plateaued the following three months and 

decreased by 0.22 rad during the last month. The phase of tag 3 increased steeply 

by 0.5 rad the first month, decreased by 0.09 rad/month until September 27th and 

finished by a plateau. The phase of tag 4 showed no clear trend. It is globally hard 

to see any relation between the very slow drift of each tag. 

No multipathing influence from vegetation 

The dotted lines on Fig. 4-10 show the intervention of a gardener, who mowed 

the grass. Those interventions did not have significant effects on the phase, either 

on the long-term or by zooming on the event (not presented here), except on August 

2nd when the tags 3 and 4 moved during the operation. A special care was taken on 

July 27th, where the grass was weighted (1.3 kg/m2 wet, 0.20 kg/m2 dried, height 

 
10. Daily phase (95th percentile), and motion estimated by LiDAR scanning, for three different tags, 

over five months, along with the daily rainfall. The four dotted vertical lines represent the intervention of a 

gardener to mow the grass, and the dashed vertical line on October 17th represents a rain simulation. 
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below 30 cm) and measured by Lidar, and the gardener operation carefully re-

viewed, but the phase did not change. It changed only a few hours later, with the 

rain. 

Motion of the tags detected by Lidar measurement.  

A scanning Lidar acquired the geometry of the environment in 3 dimensions, on 

June 27th, July 12th, and November 3rd, that allowed for comparison across time. 

The comparison showed no significant translation or tilt of the base antenna, com-

pared to immobile reference targets. There was, however, a motion of the tag, 

quantified from a tilt of the stake, and a variation of distance with the base antenna. 

This motion influences the phase, and as a consequence, the slow variation is ex-

plained partly by a residual undesirable drift and partly by a true motion.  

Influence of the rain 

The slow variation of the phase was clearly impacted by rain, especially observed 

during important episodes. The most impactful event, on July 21th, changed the 

phase by +0.09, +0.2 and -0.06 rad, respectively on the tags 2,3, and 4. On tag 2, 

the rain had no consistent effect on the phase. On tag 4, the rain consistently 

decreased the phase. On tag 3, the rain increased the phase until July 21st and 

decreased it after this date. To conclude, the rain had an effect on the phase, but 

it was not consistent over time and between tags. A part of this variation could 

have been caused by a tag motion: a changes of rigidity, shape or pressure of the 

soil, may result from water content variations (Mainsant et al., 2015) or variations 

in the roots network, and induce a tilt of the tag stakes. 

The next section presents an experiment to test if the rain can move the tags, 

which would explain this influence on the phase. 

Motion induced by simulated rain 

To better understand the rain-related slow-drift, we simulated the effect of rain 

on the soil. On October 17th (showed by a dashed line on Fig. 10), we poured 50L 

of water (conductivity 32 mS/m, temperature 19.1 °C), equivalent to 5 cm of rain 

over 1m2, at the base of the stakes that support the tags, without wetting the tag. 

The tag position was measured regularly with a laser theodolite. Prior tests showed 

that wetting the environment and the potential reflectors (vegetation, ground) had 

no significant effect on the phase, which again confirmed that ground-reflected 

paths were negligible in this specific experimental design (to observe the effect of 

ground reflexion under other experimental designs, see sections 5.7 and 6.4.3). 
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Fig. 4-10 shows that dropping high quantities of water near the stakes had a clear 

effect on tag 4, a slight effect on tag 3, and no significant effect on tag 2. The phase 

of tag 4 progressively dropped by 0.06 rad (2 mm), from 17h40 to 18h05, right after 

pouring the water on the tag stake. A similar 2-mm-decrease was observed inde-

pendently with the theodolite, which confirms the displacement. This phase varia-

tion is also visible as a jump on Fig. 10, which effect remained for several days. 

Furthermore, the following important rain events, on October 21st and November 

5th, also decreased the phase by a similar magnitude, which suggests that the motion 

of the tag 4 was a major cause of rain-related phase drift. From this experiment it 

can be concluded that water can move the stakes that support the tags, even with 

a 70-cm-deep concrete sealing, and that this effect has the same magnitude as the 

slow drift that happen during rain events. 

The motion of the tag is therefore an important part of the slow drift. There 

remains an unidentified contribution, which can be estimated at a maximum of 6 

mm over the 4-month interval of Lidar measurement, deduced from the Lidar pre-

cision. This corresponds to a maximal drift (not related to motion) of 0.05 

rad/month, of 1.5 mm/month 

 
 

 
. Phase along time, for all the tags tested, when simulating a rainfall event, along with 

relative motion measured by an independent tacheometric device. The grayed zones represent 

pouring higher quantity of water at the base of the stakes that support the tags. 
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4.64.64.64.6 DiscussionDiscussionDiscussionDiscussion    

This section discusses firstly the additional environmental effects that may influ-

ence the phase delay, and secondly the types of ground motion that could be mon-

itored with the new acquisition system that is introduced. 

Long-term irreversible aging of the material (cables, electronics, antenna, ra-

domes) may influence the phase or even destroy the equipment by changing the 

material mechanical structure or dielectric permittivity. Such deterioration could 

occur from multiple sources, such as chemical processes, UV radiation or mechanical 

deterioration (wind, animals, freeze/melt cycles). In the present study, temperature 

showed almost no effect on the reader, and a reversible effect on the tag. However, 

on the long-term, temperature could also be a factor for accelerated aging. Studying 

these variations may require either very long observation times, or accelerated aging 

in artificial laboratory conditions.  

Mountainous areas are subject to extreme cold (Nummela et al., 2008) and hu-

midity (Saarinen et al., 2014) conditions. These may accelerate the aging process 

and add additional phase delays, for example due to frost formation on the tags 

(see section 5.5.3). Since many landslides occur in mountain areas, it could be useful 

to test the equipment in similar conditions. 

Hydrometeors and aerosols may also add a propagation phase delay. These effects 

were reviewed by Solheim et al. (1999) at GPS frequencies of 1.2–1.6 GHz close to 

UHF RFID, and summarized in Table 4-2. Atmospheric air conditions have the 

strongest influence, with a yearly delay fluctuation of 80 mm/km at ground level 

already studied in section 4.4.4. The effect of particles in the air depends on the 

particle diameter, volume density and refractive index (or dielectric permittivity). 

The strongest particle effects would be triggered by events of strong sandstorms 

(18 mm/km), rainfall (2–15 mm/km) and hail (7 mm/km). Such effects might be 

visible on the RFID system we used for distances >100 m. All the other effects due 

to particles in the air should be completely negligible for RFID applications, with, 

however, three comments. First, a strong reactivation of a landslide or rockfall may 

create aerosols in the air, which might result in a phase delay with an amplitude 

between volcanic ash and a sandstorm. Second, the table considers only the effect 

of dry snow, but watery snow may increase the delay by more than 5 times (Sadiku, 

1985) due to the higher refractive index of liquid water. Third, the attenuation due 
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to the particles should be negligible in any case (e.g. <0.01 dB/km for strong rain-

fall) (Oguchi, 1983, fig. 33). 

 

Table 4-2: Phase delay induced by atmospheric constituents for GPS waves., along with diameter and volume density of 

the particles. Note that the effect of dry air and vapor is superior for the whole atmospheric layer than near the ground 

only (computed as 80 mm/km in section 4.4.4). From (Solheim et al., 1999). 

 

Finally, multipath may be the major residual source of inaccuracy. This effect is 

particularly problematic for short-term localization studies indoor (Wang and Kat-

abi, 2013), due to the presence of many reflectors. The effect is also influential 

outdoors, due mostly to ground-reflected waves (Skolnik, 2008, chap. 16). The pre-

sent study reduced this effect by using highly directive antennas at a close distance 

from the tag, but that does not correspond to field requirements to monitor land-

slides. This effect is reduced on high-quality GPS by using expensive geodetic an-

tennas that attenuate the signal coming from the ground, but that is hardly feasible 

for RFID tags. This effect is also difficult to model and mitigate numerically, as it 

strongly depends on the environment that is complex, unique and variable over 

time. Ground-reflected multipath is influenced by multiple environmental parame-

ters (Larson, 2016) such as ground topography (appendix 2), soil moisture (Larson 

et al., 2010), snow (chapter 5) or vegetation (chapter 6) that are studied in the 

following chapters. 

Another discussion concerns the landslide velocities measurable by the RFID 

technique. Cruden and Varnes (1996) classify landslide velocities from extremely 

rapid (5 m/sec) to very slow (16 mm/year) to extremely slow. With a residual slow 
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drift of 2–3 cm per year, the RFID technique should allow monitoring velocities 

>10 cm/year, corresponding to landslides between slow and very slow. This accu-

racy could be improved by measuring and correcting for the tag tilt. For rapid 

motion, the problem would come from phase ambiguity. When the landslide direc-

tion is known, the maximum displacement between two measurements should < 

8.6 cm (=quarter wavelength). The interrogator we used with the most accurate 

configuration allowed for about 25 interrogations per seconds. Therefore, the fastest 

measurable velocity for N tags should be about 2/N m.s-1. Faster velocities might 

be attained by measuring Doppler frequency shift, but that is out of the scope of 

this study. To conclude, the technique may allow monitoring motions from 

10 cm/year to 0.01–1 m/s for 1–100 tags, therefore covering the majority of land-

slide velocities (Cruden and Varnes, 1996) excepting very slow / extremely slow 

and extremely rapid landslides. 

4.74.74.74.7 ConclusionConclusionConclusionConclusion    

We identified significant meteorological effects on the phase measurements, the 

magnitude of which is given in Table II. For a typical installation with an 8-m-long 

polyethylene cable, 10-m range between tag and base antenna, and 60 °C of object 

temperature variation under the sun, the factors of greatest influence are the water 

layer over the base antennas and tag (4.1 rad) and the cable temperature (3.7 rad). 

Factors with smaller influence are the tag temperature (0.3 rad) and the material 

moisture (0.5 rad). The temperature of Yagi antenna temperature (0.05 rad), and 

the meteorological variations of the air (0.03 rad) have a negligible influence. Some 

effects are opposed, such as the temperature of the tag and of the cable, and might 

be partially cancelled. Combining the different effects shown in table II may lead 

to an error of up to 8.1 rad within one year of operations, where the drift reaches 

its minima for high humidity and low temperature, and maxima for the opposite. 

In terms of positioning, one may expect a drift of about 22 cm in relative ranging 

over a year from meteorological effects, which is to be compared with the centimeter 

accuracy reported in the literature for absolute ranging indoors during short times. 

In terms of sensing, this is far beyond the sensor dynamic reported in the literature 

(Caizzone et al., 2014; Occhiuzzi et al., 2013), which is typically from 1 to 2 rad.  
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Specific solutions have been proposed for each identified effect to reduce the phase 

drift. A hydrophobic and hermetic radome avoids the creation of a water film from 

rainfall and condensation. The cable temperature effect is reduced by using shorter 

cable with phase-stable assembly and insulator. The tag temperature effect is cor-

rected by using an integrated circuit that includes a temperature sensor. The prob-

lem of moisture content is reduced by attaching the tag to a non-permeable material 

such as plastic or fiber glass. The variation of wave velocity in the air is corrected 

by measuring the air temperature, pressure and relative humidity over the area. 

Finally, the antenna temperature is corrected by installing a temperature sensor 

near or within the antenna. These corrections are independent of the tag construc-

tion, except for the water protection, the efficiency of which depends on the tag 

design, and for the temperature correction which requires the calibration of each 

tag. 

All these solutions were implemented in a new acquisition system, which was 

compared for 1 month outdoors to the initial system. The new system improved 

the phase stability by a factor of at least 3 for the whole period, as shown in table 

III. It made negligible the influence of temperature, and reduced the influence of 

water by a factor of 3. The stability over one dry day was improved by a factor of 

12, to reach 0.05 rad. 

There remained slow variations over long periods, partly related to a motion of 

the tags, and partly related to a residual unidentified drift. This residual drit was 

estimated at a maximum of 0.20 rad (6 mm) within the four month interval of 

Table 4-3: Sources of phase drift outdoors 

Effect 
Variations 

(mrad)  

Yearly 

drift (rad) 

Yearly 

drift (mm) 
Solution 

Water on base antenna. -2000 2.0 55 Hydrophobic radome. 

Water on tag. -2100 2.1 58 Hydrophobic radome. 

Cable temperature (Polyeth-

ylene). 

0.13 /°C2/m 3.7 102 Phase-stable short cable. 

Tag temperature. -5 /°C 0.3 10 Temperature sensor. 

Wood stake moisture. -12 / % 0.5 14 Impermeable material. 

Antenna temperature (Yagi) -0.8 /°C 0.05 1.3 Temperature sensor. 

Air refractive index. 

 

3 /m 0.03 

 

0.8 Meteorological data. 
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Lidar campaign, which corresponds to an average of 0.05 rad per month, or 1.5 mm 

per month. 

The measured slow drift now fits with our application requirements to monitor 

movements between 10 centimeters and a few meters per minutes, corresponding 

to slow to very rapid landslides. Since a significant part of the phase variation came 

from parasitic ground-related tag motion, which may be expected to be even 

stronger on a landslide application, it is not worth further stabilizing the phase for 

slow motion monitoring.  

Future works may require to better understand the impact of the multipathing 

on the phase outdoors, which is prone to complex and slow variations (shape and 

liquid water content of the soil, vegetation, and snow), and to mitigate this effect. 

Other instrumental challenges may also be studied, especially under extreme tem-

perature or humidity. A real outdoor experiment on a landslide site will be imple-

mented to address these questions. 
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4: Comparison of the phase variations with the initial and newly developed systems 

during the 1-month experiment 

Period considered 
Initial phase  

variation (rad) 

New phase  

variation (rad) 

Gain in 

accuracy 

Whole period. 3.0 0.95 3 

A dry day. 0.6 0.05 12 

Rain event. 2.3 0.7 3 

Dew event. 0.7 0.25 3 
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Chapter 5  

Influence of snow on RFID 
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5.15.15.15.1 SSSSummaryummaryummaryummary    

In the mountains, many landslides are triggered by melting snow. The ability to 

monitor their movements in the presence of snow is critical. However, radio meth-

ods such as GPS or radar are deteriorated by snow. This chapter shows that snow 

also influence RFID phase and signal strength with three types of effects: proximity 

effects, direct propagation and multipath. All these effects are also influenced by 

snow density and liquid water content. Each effect is studied from the literature 

and put in evidence with one or two experiments outdoors. Proximity effects are 
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induced by snow situated near tags (usually at a distance<wavelength). These ef-

fects are shown by accumulating snow on a tag and by approaching a tag near the 

snowpack surface. Snow liquid water content and dry density control the snow 

dielectric permittivity. Variation of liquid content is observed during daily cycles 

of snowpack melting/freezing and of frost deposition/melting/evaporation on the 

tag. The phase velocity and attenuation of bulk propagation depend directly on the 

snow in-phase and quadrature permittivity, respectively. The relation with phase 

velocity is demonstrated by changing the thickness of a snow volume placed be-

tween a tag and a station antenna. Multipath represents the interferences that 

occur from summing the direct path between the tag and station antenna, with 

indirect reflected paths (mostly reflected on the ground). Its influence is demon-

strated observing a strong variation of phase and signal strength when removing a 

thin layer of snow from the ground at the reflexion point. The validity of the ex-

periments is then discussed, due to the very heterogeneous conditions on the snow, 

and because each experiment ends up being influenced by different effects which 

can be difficult to discriminate. Finally, these effects should lead to potential prob-

lems when using RFID tags in snowy environment, for which potential solutions 

are suggested. 

5.25.25.25.2 Introduction Introduction Introduction Introduction     

Radio-Frequency Identification (RFID) tags are mostly used to identify goods 

indoors (Ngai et al., 2008). New usages have been presented outdoors, such as 

monitoring a construction field (Song et al., 2007; Valero et al., 2015), tracking 

wood logs (Björk et al., 2011), monitoring a landslide (Le Breton et al., 2019; Picho-

rim et al., 2018) or monitoring structures (Zhang et al., 2017). In cold regions or 

seasons, these applications would have to deal with frost and snow. Frost and snow 

can deteriorate tags (Gutierrez et al., 2013), reduce their reading range (Li et al., 

2011; Nummela et al., 2008) or reduce their localization accuracy (Le Breton et al., 

2019). Snow would reduce the signal strength—critical for reading a tag—and mod-

ify the phase, reducing the accuracy of phase-based localization and sensing. In the 

literature, active transponders at 315 MHz have been used below snow to communi-

cate the measurement of dedicated sensors (Rorato et al., 2014) but without stud-

ying the impact of snow on the communication. RECCO® passive tags have been 

used for snow avalanche rescuing for decades (Grasegger et al., 2016). These passive 

tags are excited at 866 MHz like the RFID tags presented in this study. However, 
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their signal is discriminated from the environmental by doubling the carrier fre-

quency of the backscattered wave, and does not transmit data. However very little 

literature exists on these devices and no study of the effects of snow on RFID tags 

has been proposed yet.  

In a snowy outdoors environment, four major factors are expected to influence 

the phase and signal strength of the signal backscattered by an RFID tag. Firstly, 

tag antennas are affected by the presence of material in their vicinity that has a 

different dielectric permittivity than the air (Dobkin and Weigand, 2005; Le Breton 

et al., 2017a), such as snow (Nummela et al., 2008). Such material would affect the 

signal strength (Occhiuzzi et al., 2013), phase difference of arrival (Caccami et al., 

2015), and tag tuning (Caccami and Marrocco, 2018). Secondly, snow permittiv-

ity—typically 1 to 3.5 (Tiuri et al., 1984)—depends on its density and volume ratio 

of liquid water. These properties are heterogeneous in space and time due to snow 

deposits, melting, freezing, compaction and many more phenomena’s (Fig. 5-1) 

(Fierz et al., 2009). This effect on antennas is exploited to measure snow properties 

with microwave devices (Kinar and Pomeroy, 2015; Techel and Pielmeier, 2011). 

Thirdly, a wave transmitted across snow would be slowed and attenuated, depend-

ing on its permittivity. This is used for example to measure the properties of a 

snowpack with a ground-penetrating radar (Bradford et al., 2009; Marshall and 

Koh, 2008). Snow appeared to influence the phase outdoors even with a tag above 

the snow surface, inducing distance measurement errors of up to 8 cm (Le Breton 

et al, 2019). Fourthly, snow on the ground may affect the ground-reflected paths 

that interfere with the direct path (Fuschini et al., 2008). The influence of a snow-

pack on multipath propagation at microwave frequencies is exploited for example 

with GPS, which can be used to measure the snow depth (Larson et al., 2009). 

Other effects exist, but we considered them minors and did not study them. The 

scattering due to snow heterogeneity, measured by polarimetric radars, should be 

negligible at 866 MHz, because the wavelength (34 cm) is much longer than most 

of the heterogeneities. Snowflakes in the air also induce attenuation and depolari-

zation, measured by meteorological radars (Matrosov, 1998, 1992) but these effects 

start to be visible at distances of several kilometers. Using multiple layers should 

help to model the effect of multipath with more accuracy. However such modeling 

is too complex and requires too much data, so we stayed with the first-order ap-

proximation of a single layer. Snow generates passive emission of electromagnetic 
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waves, but such emissions are much smaller than the readers (>30dBm) and tags 

radiations (>-30 dBm). 

This study aims to demonstrate that snow affects RFID signal mostly by prox-

imity effects, direct propagation and multipath. The intensity of these should be 

influenced mostly by the snow density of liquid and solid water and by the height 

of the snowpack. Section 5.3 present the material used for the measurements. Each 

effect is studied separately in sections 5.4 to 5.7: Sections start with a literature 

study to make suppositions on the expected effects. They are followed by 1–2 ex-

periment(s) to show these effects empirically. They finally end up with a short 

discussion to validate the expected effects and to suggest hypothesis about the few 

unexpected observations. Conclusions and limits of these experiments are summa-

rized in section 5.8. Practical concerns for implementing RFID in the snow are 

suggested, followed by perspectives of using RFID for sensing the snow properties. 

 
Fig. 5-1: Physical processes that affect snow depth, density and liquid water content within different layers. From 

(Bartelt and Lehning, 2002) 

5.35.35.35.3 SSSSnow Characnow Characnow Characnow Characterization and RFID Materialterization and RFID Materialterization and RFID Materialterization and RFID Material    

This study shows six experiments that demonstrate specific effects of snow on the 

phase and signal strength when reading a tag. The experiment 5.7.3 consisted of 

removing a thin layer of snow on the ground. It was realized at Crolles, France, on 
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27 January 2017. The snow was not characterized. The experiment 5.5.3 showed 

the effect of daily frost deposition and melting on tags. It was realized at Crolles, 

France, on 8–9 December 2016. The RFID results were complemented by local me-

teorological station measurements (Davis Vantage Pro2) and tag temperature sen-

sors. The experiments 5.4.2, 5.4.3, 5.6.2 and 5.5.2 showed the effect of the proximity 

of a tag to the snow surface, the effect of daily snow melting and the effect direct 

wave transmission in a snow volume, respectively. These experiments were realized 

at Chamrousse, France, on 21 March 2017. The snow permittivity and density were 

regularly characterized during the day. In-phase permittivity was measured with a 

standard instrument using a cavity filled with snow which resonant frequency de-

pends on snow permittivity, and density was estimated by mass weighting (see Fig. 

5-2). The vertical profiles were measured at the height of 0.05, 0.2, 0.4, 0.6 and 

0.8 m. The snow surface was 0.8 m above the ground on average.  

Every experiment used an RFID system that comprised an interrogator (SR420 

from Impinj) emitting at 865.7 MHz and battery-assisted passive tags with temper-

ature sensors (Survivor B from Confidex). The signal was radiated and received by 

a Yagi-Uda antenna (gain ≈14 dBi) or by a slot antenna (Impinj Threshold, 8 dBi), 

depending on the experiment. 
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Fig. 5-2: Pictures of the snow characterization at Chamrousse, to measure (left) the snow in-phase permittivity using a 

resonating cavity instrument and (right) the snow density by mass weighting. Measurements were repeated along the 

day at the same location.  

5.45.45.45.4 PPPProximity effectsroximity effectsroximity effectsroximity effects    

5.4.1 Studies with water near tags 

Aqueous materials at a few centimeters from a tag can influence signal strength 

(Dobkin and Weigand, 2005; Occhiuzzi et al., 2013), phase difference of arrival 

(Caccami et al., 2015; Le Breton et al., 2017a) and tuning frequency of a tag (Cac-

cami and Marrocco, 2018). These effects are summarized in Table 5-1. The sug-

gested causes are the reduction of electric field amplitude (Dobkin and Weigand, 

2005) or the change of tag antenna impedance that affects the tuning frequency 

(Caccami and Marrocco, 2018). Other causes could be a change of antenna radiation 

pattern, a reduction of radiated power due to capacitive coupling (i.e., ground ef-

fect), an interference with surface waves, or a partial/full reflexion just before the 

tag antenna. These effects would depend on the tag design, on the tuning frequency 

of the tag, on the permittivity of the material near the tag, on the material thick-

ness, and on its distance from the tag. 
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Many studies have shown the influence of water near an RFID tag on the received 

signal strength (the list presented on Table 5-1 is not exhaustive). The effects on 

the signal strengthwere either positive or negative, depending on the tag design and 

tuning frequency. Increasing the water content of a material placed near a tag 

should lower its resonant frequency (Capdevila et al., 2012). A resulting resonant 

frequency closer or further to the carrier frequency should increase or decrease the 

signal strength, respectively. The effect on the phase seems more consistent, with 

in general a phase decrease with the presence of water. However, few studies were 

realized using phase-based sensing and more studies could result in more discrep-

ancies in the results. The measurement of antenna detuning with self-tuning tags 

(Caccami and Marrocco, 2018) is very recent and shown for the completeness of 

the review and for perspectives. 

The only study that tested to place snow on tags (Nummela et al., 2008) observed 

a signal strength variation of -7 dB to +10 dB depending on the tag. However, the 

tags were not designed for outdoor usage and the snow was not characterized. The 

outdoor-designed Survivor B tags were only tested with a water cover and in con-

tact with a dry/saturated wood. These resulted in a signal strength increase of 

+1 dB to +4 dB, and a phase decrease in -0.25 rad to -2.1 rad (Le Breton et al., 

2017a). Another experiment placing a piece of wood with a volume water content 

of 17% near a tag, decreased the phase by -0.8 rad. Therefore, the effect of placing 

snow (typical water content <15%) near a tag should should affect the phase within 

-0.25 and -0.8 rad. We also expect the amplitude of these effects to increase for 

snow placed closer to the tag, and for thicker snow volumes (Dobkin and Weigand, 

2005). 
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Table 5-1: Effect of water and snow nearby tags 

5.4.2 Snow accumulation on a tag 

To quantify the near-field influence of snow on the commercial tags of this study, 

we placed a pack of snow on the tag, then removed it (Fig. 5-3), and observed its 

influence on the RSS and phase. The presence of snow increased the RSS by 2 dB 

(Table 5-2), and decreased the phase by –0.65 rad. Both the phase and signal 

strength reversed to their original value when removing the snow.  

Influence material Thickness Proximity Tags Resulting variation Reference 

    
 

Signal strength 
 

Snow ≈1 mm 0 5 low-cost tags -7 to +10 dB (Nummela et al., 2008) 

 

Water in a  

container 

>5 cm 0 to 4 cm 5 low-cost tags  -20 to +1 dB  (Dobkin and Weigand, 

2005) 

>5 cm <1 mm Low-cost tag -15 dB (0.8 dB/cm) (Bhattacharyya et al., 2010) 

>5 cm <1 mm Commercial tags -20 dB (Capdevila et al., 2011) 

 

Water in concrete 

>5 cm <1 mm Commercial tags 10 dB (-2.4 dB/ε’) 

-40 dB 

(Suwalak et al., 2012) 

(Capdevila et al., 2012) 

Air humidity (RH) >5 cm 0 Custom tag with 

sensitive material 

-23 dB (-0.44 dB/%RH) (Manzari and Marrocco, 

2014) 

Water (parse/a lot) 

Wood (dry/wet) 

<1 mm 

3.5 cm 

0 Survivor B tag, 

from Confidex. 

+1 / +1 dB 

+3 / +4 dB 

Unpublished data from (Le 

Breton et al., 2017a) 

    
 

Phase 
 

Air humidity (RH) >5 cm 0 Custom tag with 

sensitive material 

-1.4 rad (-20 mrad/%RH)  (Caccami et al., 2015) 

Water (parse/a lot) 

Wood (0/17% moisture) 

<1 mm 

3.5 cm 

0, all around 

0 

Survivor B tag, 

from Confidex. 

-0.5 / -2.1 rad 

-0.25 / -0.8 rad 

(Le Breton et al., 2017a) 

Natural snow 

outdoors 

n.a. On the tag 

and ground 

Survivor B tag, 

from Confidex. 

±2.9 rad. Mix of proximity 

and multipath effects. 

(Le Breton et al., 2019) 

    
 

Detuning 
 

Water <1 mm 0 Dogbone,  

from Smartrack 

(Magnus S3 chip) 

Sensor code = 30 to 4 

from air to water. 

(Caccami and Marrocco, 

2018) 
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Fig. 5-3: Picture of snow placed on a tag 

This experiment confirms the influence of snow that couples with the tag antenna, 

by simulating a snow accumulation on a tag resulting from snowfall. The observed 

effect is within the expected bounds for the signal strength (+1 to +4 dB) and for 

the phase (-0.25 to -0.8 rad) defined from Table 5-1. 

To improve this experiment, the thickness of the snow layer should be increased 

progressively to observe the influence of the thickness, and the experiment should 

be repeated with different density and liquid water content of the snow. The effect 

of the distance to the snow surface and the effect of burying tag completely in the 

snow would also be observed, which is presented in the next section. 

 

5.4.3 Proximity to the snowpack surface 

What happens when the height of a snowpack increases until reaching a tag? To 

simulate the variation of snow height relatively to a tag, we moved a tag from 

+80 cm to −20 cm relatively to the snow surface (Fig. 5-4). The station antenna 

was placed 30 cm above the snow surface and 3 m away from the tag. The surface 

of the snow was measured with a relative dielectric permittivity of 3.2, a total 

density (liquid+solid) of 0.42 and volume liquid water content of 9.1%. 

Table 5-2: Proximity effect of snow placed on the top of the tag 

Effect on signal strength Effect on phase 

+2 dB -0.65 rad (+1.8 cm) 
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Fig. 5-4: (top) Sketch and (bottom) picture of the experiment that moves the tag vertically from 80 cm above to 20 cm 

below the snow surface 

The resulting phase and signal strength were clearly influenced by the distance 

between the tag and the snow surface (Fig. 5-5). This influence can be categorized 

in four stages. When the tag was sufficiently above the snow (>20 cm), the phase 

followed a geometric hyperbole model and the RSS varied slowly. In this situation, 

the influence of the snow cover remained minor on the communication. When the 

tag approached the snow surface (0–20 cm), the signal strength started decreasing 

rapidly and the phase started diverging from its expected value in free space. When 

the tag went below snow (0 to −10 cm), the signal strength remained at a nearly 

constant low value (−75 to −80 dBm) while the phase increased rapidly. Finally, 

when the tag went deeper into the snow (<-10 cm), the RSS started to increase 

again and the phase passed an inflexion point. At h=−15 cm, the phase progres-

sively stabilized, at +7.5 rad above its theoretical value in free space. 
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Fig. 5-5: Variation of (a) phase and (b) signal strength when moving the tag vertically above and below the snow cover 

surface. 

The results showed an unexpected effect when the tag passed the transition from 

+20 cm to -20 cm above the snow surface. The phase was expected to decrease due 

to the slower propagation in snow and to the proximity effect on the tags shown in 

the previous section. Yet, it increased by +7.5 rad. The RSS also strongly decreased 

during this transition, passed a plateau, and increased back to its initial value after 

this plateau. The strong decrease of signal strength near the snow surface had been 

consistently observed with two other types of tags during preliminary experiments 

(not shown here). The following paragraph proposes and eliminates several hypoth-

eses that could explain this effect. 

On a first look, this effect could result from multipath (see section 5.7). Indeed, 

a snow permittivity of 3 and an incident angle of 70° would result in a reflexion 

coefficient R=−0.7 (the phase of the reqected ray is inverted due to the negative 

sign). The sum of the direct and snow-reflected path would lead to a relative signal 
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amplitude of 0.3, equivalent to −21 dB loss over the two-ways propagation. How-

ever, interferences from a ray reflected by the snow surface should result in ±π of 

phase variations at maximum, and disappear once the tag goes below the snow. In 

the experiment, the phase variations were above this value, and the signal strength 

loss showed a plateau when the tag was below the snow, which is contrary to the 

effect expected only from multipath. The effect should not have been caused by 

tags in contact with the snow either, because the phase and signal strength started 

to diverge 20 cm above snow. It might have been caused by slow surface waves 

near the air/snow interface (Balanis, 2012, section 5.3.4), from a coupling effect 

between the tag antenna and the snow surface (similar to ground effect) or from 

several combined effects. This hypothesis could be tested experimentally by placing 

a tag on the snow surface, and progressively moving it away from a station antenna 

while remaining above the snow surface. If the communication were dominated by 

the snow surface, the resulting phase velocity should be different from direct prop-

agation in the air. Another possible effect is the modification of the phase and 

amplitude diagram of the tag antenna when placed near a dielectric material such 

as snow. 

5.55.55.55.5 Solid/liquid water contentSolid/liquid water contentSolid/liquid water contentSolid/liquid water content    

5.5.1 Theoretical permittivity from liquid/solid density 

Snow accumulation on the ground forms snowpacks. Snowpack properties, such 

as density or liquid water content, are heterogeneous in space and time (Fierz et 

al., 2009). That results in spatiotemporal contrasts of electromagnetic properties 

(Tedesco, 2015). In particular, the dielectric permittivity of snow is controlled 

mostly by the snow density and by its volume of liquid water (Tiuri et al., 1984). 

The quantity of liquid water can be defined by its volume ratio of liquid water. A 

volume of snow 
SV can be considered as a mixture of moist air, solid ice crystals 

and liquid water, with volume ratios ( / SV Vθ = ) of 
aθ ,

iθ  and 
wθ , respectively 

(Bartelt and Lehning, 2002) and the relation: 

 1a i wθ θ θ+ + =  (5-1)

Snow liquid water content is heterogeneous in space and time. It fluctuates mostly 

at the top of a snowpack, because of melting/freezing due to heat exchanges with 

the environment (this fluctuation is reduced in deeper layers due to the thermic 



Ph.D. thesis, M. Le Breton, 2019   Chapter 5 – Snow influence on RFID 

 

 —Confidential until June 2021— 126 

insulation provided by the upper layers). Snow can be considered as a porous me-

dium that stores liquid water. With low water content (
wθ <8%), the pores are not 

connected and snow is in a “pendular” regime. With more liquid water, the snow 

enters a “funicular” regime with free water and connected pores (Denoth, 1980) 

(see Table 5-3), with a water content that can reach 40% on soaked snow. The 

equations presented in this section are applicable for a pendular regime. 

The density ρ of each component of snow (ice, liquid water and air) depend on 

their volume ratio and intrinsic density. For example, dry snow density ρd is: 

 
pure ice

 d iρ θ ρ= ×  (5-2)

Dry snow density ρd is typically 0.05-0.5, with a typical value of 0.1 for newly 

fallen snow (Doesken and Judson, 1997). Temperature can differentiate wet and 

dry snow: wet snow is constrained to 
wet

0°CT =  by the energy required for ice 

melting, whereas dry snow temperature can be lower. T=0°C is the only tempera-

ture considered in this study. 

 

Table 5-3: Liquid water content of snow, from (Fierz et al., 2009) 

  

At 866 MHz, radio propagation in snow depends mostly on its dielectric permit-

tivity 

  , ,,
0( )jε ε ε ε= +  (5-3)

Term Description 
wθ  (%) 

dry Usually Ts is below 0 °C, but dry snow can occur at any temperature up to 

0 °C. Disaggregated snow grains have little tendency to adhere to each other 

when pressed together, as in making a snowball. 

0 

moist Ts = 0 °C. The water is not visible even at 10× magnification. When lightly 

crushed, the snow has a distinct tendency to stick together. 

0–3 

wet Ts = 0 °C. The water can be recognized at 10× magnification by its meniscus 

between adjacent snow grains, but water cannot be pressed out by moder-

ately squeezing the snow in the hands (pendular regime). 

3–8 

very wet Ts = 0 °C. The water can be pressed out by moderately squeezing the snow 

in the hands, but an appreciable amount of air is confined within the pores  

(funicular regime). 

8–15 

soaked Ts = 0 °C. The snow is soaked with water and contains a volume fraction of 

air from 20 to 40% (funicular regime). 

>15 
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With 0ε  the constant dielectric permittivity of vacuum (=8.854×10–12 Farad / 

m) and ,ε , ,,ε the relative in-phase and quadrature permittivity of the snow propa-

gating medium, respectively. The in-phase and quadrature permittivity influence 

respectively the wave velocity and attenuation. This study names “permittivity” 

the relative complex dielectric permittivity. 

In-phase permittivity ,
sε of wet snow at 10–1000 MHz in the pendular regime 

depends on its liquid water content 
wθ  and dry density

dρ  (Tiuri et al., 1984) using: 

 

  s d d
, 2 21 1.7 0.7 8.7 70w wε ρ ρ θ θ= + + + +  (5-4)

Quadrature permittivity of wet snow ,,sε  depends on liquid water content 
wθ  and 

wave frequency f (Hz). At 0.5-1 GHz, they are related using: 

 
s
,, 2

9
(0.9 7.5 )

10
w w

f
ε θ θ= × + ×  (5-5)

To understand these influences visually, a diagram resulting from the equations 

(5-4) and (5-5) is presented on Fig. 5-6. Snow in-phase permittivity would be within 

1–3.5 (light and dry snow – dense and wet snow), depending on the snow density 

and liquid water content. The following two sections show the influence of melting 

water on RFID communication, due to 1) snow melting during the day, and 2) frost 

deposition, melting and evaporation over 24h in winter. 



Ph.D. thesis, M. Le Breton, 2019   Chapter 5 – Snow influence on RFID 

 

 —Confidential until June 2021— 128 

 

Fig. 5-6: Nomograph for determining the wetness and density of snow from 

its complex dielectric constant at 1 GHz. From (Tiuri et al., 1984). 

5.5.2 Melting at the Snowpack Surface 

To observe the influence of snow liquid water content on the RFID signal, we 

installed three tags near the snow and interrogated them continuously. The three 

tags were installed at a height of +1.5/+0.2/-0.20 m relatively to the snow surface 

(Fig. 5-7), and horizontal distances of 1/6/5 m from the station antenna. The meas-

urements were made from 8 a.m. to 5 p.m. The snow was dry at 9 a.m. due to 

previous night solidification, and melt progressively during the day. Snow melting 

was the only major environmental parameter that had varied during the day. The 

effect of temperature on the tags (about -5 mrad/°C) was corrected (Le Breton et 

al., 2017a), and the coaxial cables remained below the snow at a constant temper-

ature of 0 °C. 
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Fig. 5-7: Installation to observe the effect of superficial snow melting over the day. 

The permittivity of the superficial layer of snow increased from 1.8 in the morning 

(8–10 a.m.) to 3.2 in the middle of the day (2 p.m.) due to melting (Fig. 5-8, black 

curve). The influence of snow melting on the phase and signal strength was depend-

ent on the tag height (Fig. 5-8). The tag n° 1 placed well above the snow (+1.5 m) 

was almost not influenced by the snow melting. The greater distance between this 

tag and the snow surface should prevent from the occurrence of proximity effects. 

The minor variations observed on this tag may be due to multipath and to other 

uncontrolled variations. On the tag n° 2 just above the snow surface (+0.2 m), the 

phase increased by about +0.8 rad and the signal strength decreased by -8 dB. 

Such effects, not observed on tag n° 1, should be due to snow surface proximity. 

On the tag just below the snow surface (−0.2 m), the phase progressively de-

creased down to −2.2 rad at 17h, while the signal strength decreased irregularly 

down to −8 dB at 17h. This tag should be influenced by proximity effects, but also 

by other effects: The propagation across snow should affect the phase (see sec-

tion 5.6) and the transmission at the air-snow surface should affect the signal 

strength (see section 5.7). The phase decrease is explained by the propagation 

within the superficial layer. An increase of permittivity from 1.8 to 3.2 over a 20 cm 

layer should reduce the phase by −3 rad, equivalent to a motion of +9 cm (see 

section 5.6). The measured phase decreased only by −2.2 rad, so the +0.8 rad of 

difference should represent the proximity effects. This is the same value as the 

proximity effects observed on the tag n° 2. 
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Fig. 5-8: Variation of (top) the phase and (bottom) RSS for 10 hours on tags installed at 3 different elevations 

relatively to the snow surface. The in-phase relative permittivity of the snow surface is also displayed. 

To conclude, this section shed light on the effect of snow at the proximity of 

RFID tags, on the phase (+0.8 rad in the experiment) and on the signal strength 

(down to -8 dB). These effects depend on the distance between the tag and the 

snow: they are visible at 20 cm, but not at 1.5 m. They also depend on the liquid 

water content of snow, which controls the snow permittivity. Liquid water content 

can vary strongly within a few hours due to snowpack superficial melting during 

the day. 



Ph.D. thesis, M. Le Breton, 2019   Chapter 5 – Snow influence on RFID 

 

 —Confidential until June 2021— 131 

5.5.3 Frost Deposition and Melting on a Tag 

Frost may also induce proximity effects on tags, due to liquid�solid water tran-

sition. To observe this effect, a tag was placed outdoors in December 2016 in a 

humid place near a creek, 6 m away from a station antenna. The station antenna 

was 1.5-meters high, and the tag was placed 0.4 m above the ground on a wooden 

stick. A meteorological station recorded humidity, temperature and air pressure, to 

calculate the dew point. The dew point (or frost point with negative temperatures) 

indicates the possibility of dew/frost precipitation on objects. An object at a tem-

perature below or equal this point should have a precipitation of dew/frost at its 

surface. The object temperature would decrease faster than the air in the night due 

to radiative heat transfer. However, its temperature may be maintained equal to 

the dew point because of the heat gained from the precipitation process. The me-

teorological station also measured the solar radiation, which would provide energy 

to melt the frost and evaporate the resulting liquid water. 

 
Fig. 5-9: Effect of frost deposition and melting on the (a) phase and (b) RSS of a tag placed 12 m away from the 

station antenna for two days. (c) Tag temperature below 0 °C and equal to the dew point indicates frost deposition. (d) 

Solar radiation, which heats and melt the ice. The dashed yellow vertical line indicates the solar radiation arriving on 

the tags. The red circle highlight an event discussed in the text. 

 

The measured phase and signal strength show a cyclic behavior every 24h (Fig. 

5-9). In the early morning, the tags were covered with frost, with no sun and a tag 
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temperature almost equal to the dew point. When the sun arrived on the tags, the 

frost layer melted rapidly. That decreased the phase (−0.7 rad) and the signal 

strength (−4 dB). This liquid water then evaporated within an hour, which in-

creased the phase (+0.9 rad) above its initial value before melting. The phase and 

signal strength then remained approximately stable for a few hours (12–18h) while 

the tag remained dry. When these measurements were done, the RFID system had 

not been corrected yet for temperature effects (Le Breton et al., 2017a), which 

explains the residual phase variations. Around 18h, the tag temperature started to 

follow the dew point temperature, suggesting a potential precipitation of water. 

The phase started to decrease shortly after, confirming the potential water deposi-

tion. At this point, water gradually deposited on the tags, slowly decreasing the 

phase.  

Around 23h, the phase increased abruptly by about +0.1 rad (discussed in the 

next paragraph). After that time, the phase decreases at a constant rate (−0.3 rad 

in 9h) while the signal strength remains constant. The slow phase decrease is ex-

plained by the accumulation of frost deposited on the tag. Finally, in the early 

morning (8h30), the frost stops accumulating on the tags, the sun arrives, and the 

cycle starts again. 

The abrupt phase increase during the night has been observed on other tags 

installed in the same zone, but at different hours and amplitudes (Fig. 5-10). The 

phase increased slowly by +0.2 rad between 19 and 21h on tag n° 0, increased 

abruptly by +0.1/+0.05/+0.03 rad at 23h/20h30/21h15 on tags n°1/3/4, and did 

not increase on tags 2&5. The cause of this increase is not obvious. It could be 

explained by a freezing of the soil that would modify the multipath, by the solidi-

fication of gaseous water trapped within the tag casing, or by the freezing of the 

wood supporting the tag. To understand this effect would require determining if 

the variations between tags depend on the tag itself, on its supporting material, or 

on its position. 

In conclusion, the effect of ice melting is observed not only with snow, but also 

with frost. Solid ice on the tag would slowly decrease the phase (−0.3 rad over the 

night), and the melting of this layer followed by its evaporation would increase 

then decrease the phase rapidly (+0.7/−0.9 rad). This effect seems difficult to 

avoid: it happens at any height above the ground and hydrophobic coatings used 

in Le Breton et al. (2017) are inefficient with frost. It could be corrected numerically 
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after estimating frost thickness with a self-tuning sensor tag (Caccami and Mar-

rocco, 2018). 

 
Fig. 5-10: Abrupt phase increases (circled in grey) observed on tags installed on the same zone. 

The tag observed on Fig. 5-9 is in black (n°1). 

5.65.65.65.6 DDDDirect propagationirect propagationirect propagationirect propagation    

5.6.1 Theoretical slowness and attenuation 

This section presents the basic theory of microwave propagation in a dielectric 

medium (Balanis, 2012), applicable for snow at 866 MHz. We approximate the 

propagation as rays, and snow as a linear, isotropic and homogeneous low loss 

dielectric medium. That is partly valid up to about 2 GHz (Bradford et al., 2009). 

At higher frequencies, the scattering due to heterogeneities would have played a 

more important role, and radiative transfer theories would have been more appro-

priate (Picard et al., 2018; Tsang et al., 2007). For plane waves, the monochromatic 

propagating electric field E (Volt / m) depending on the initial electric field 0E  

and the distance of propagation r  in a linear isotropic material is given by: 

 ( )
0( , ) r j r tE r t E e eα β ω− − −=  (5-6)

In which α andβ , related respectively to the attenuation and velocity, depend 

on the complex absolute permittivity *ε , permeability *µ , and conductivity 

( ' '')jσ σ σ= +  using: (Balanis, 2012) 

  

  

2* *

*
1 1

2

ε µ σ
α ω

ε ω

     = + −       
 (5-7)
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2* *

*
1 1

2

ε µ σ
β ω

ε ω

     = + +       
 (5-8)

To simplify these equations (Bradford, 2007) we use the formulation of in-phase 

effective permittivity ( ' '' )effε ε σ ω= −  and conductivity ( ' '' )effσ σ ε ω= +  that 

appear when resolving Maxwell’s equations. Snow can be considered as nonmag-

netic (µ=µ0), with a negligible conductivity , ( ' 0 '' 0)σ σ≈ ≈ and low-loss approxi-

mation( )eff effσ ε ω≪   . This leads to express the wave velocity v  and attenuation 

coefficient α as a function of the snow permittivity ε , the pulsation ω , and the 

velocity in a vacuum:c  (≈ 2.998·108 m/s) (Bradford et al., 2009) 

 
,

c
v

ε
=  (5-9)

 
,,

,

1

2c

ε
α ω

ε
=  (5-10)

 
Fig. 5-11: Wave velocity (color) and in-phase permittivity (contours) of snow depending on its dry density and liquid 

water content at 10–1000 MHz. 

The wave velocity in snow can be computed based on snow dry density and liquid 

water content (or density) by combining equations (5-4) and (5-9). The resulting 

velocity can vary strongly depending on snow properties (Fig. 5-11). In dry and 

low-density snow, waves would be slightly slower than in the air, whereas in dense 

and wet snow, the velocity would be half the velocity in the air. Over their typical 

range, dry and liquid volume densities would have a similar influence on velocity. 
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In RFID, the velocity mostly influences the phase difference of arrival. The phase 

is measured by the interrogator and depends on the carrier frequencies f (= 865.7, 

866.3, 866.9 or 867.5 MHz) (ETSI-EN 302-208, 2016), following the relation: 

 
0

4 f
r

v

π
ϕ ϕ= − +  (5-11)

Where 0ϕ  represents the propagation through the instruments (cable, electronics) 

and the phase shift imposed by the antenna impedances. The conversion to distance 

is influenced by the velocity in the volume, and 0ϕ  by the medium near the tag 

antenna (Caccami et al., 2015). In practice the phase is measured within [0, d[ so it 

is only useful as a relative difference across time, frequency or space (Nikitin et al., 

2010). This phase difference should remain within ]-π/2, π/2[ to be unwrapped 

without ambiguity. 

The wave attenuation coefficient α in snow can be computed using the dry/solid 

snow density and the equations (5-4), (5-5) and (5-10). The loss of signal strength 

per path length L  (dB/m) and the resulting loss 
dBP∆  depending on the distance 

r followed by both the forward and backward path are converted to decibels using: 

 20

ln(10)dBL α= −  (5-12)

  2dB dBP L r∆ = ×  (5-13)

 
Fig. 5-12: Power attenuation (colors) and quadrature permittivity (black lines) of snow depending on its dry density and 

liquid water content at 866 MHz. 
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To conclude, the effect of snow on the phase and signal strength should depend 

on the thickness of snow in which the wave propagates, and on its dry density and 

liquid water content.  

5.6.2 Snowpack thickness 

This section verifies the influence of snow thickness and permittivity on RFID 

propagation experimentally. In this goal, a tag and station antenna are placed on 

each side of a snow volume which thickness is progressively reduced (Fig. 5-13). 

The resulting phase and signal strength variations are compared with a vertical 

profile of snow permittivities. 

 

 
Fig. 5-13: This experiment firstly moved the tag away from the snow mass to provide a reference, then reduced the 

thickness of the snow between the tag and the station antenna.  

The snow volume was 0.8-m-high and 1.2-m-thick, and the tags and station an-

tenna were placed at a height of 0.4 m above the ground, initially at a distance of 

3.2 m. We firstly moved the tag away from 0.1 m to 0.5 m from the vertical surface 

of the snow volume (stage 1, in blue) within the air, to verify that the wave velocity 

in the air was correctly measured. The tag then remained at a fixed distance of 

0.5 m from the wall. Then, we reduced the snow wall thickness from 1.2 m to 0.9 m 

by consecutive slices of 0.03 m (stage 2, in red), to observe its difference of wave 
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velocity with the air. After this operation, the permittivity and density of the snow 

were measured at different heights of the volume, on the side that had just been 

sliced, with four repetitions at each height. The in-phase permittivity measured 

around 17 MHz was also used at 866 MHz, being nearly constant in the 10–

1000 MHz frequency range  (Denoth, 1989). We started digging snow at 15h, mov-

ing the tag at 16h20, slicing the snow volume at 16h50, and measuring its snow 

properties at 17h30. Each experiment lasted 20 minutes, which should be short 

enough for approximating a constant liquid water content. 

The profile of snow permittivity and density realized at the end of the day allowed 

for computing a liquid water content (Table 5-3). The liquid water content was 0–

2 % at 0-0.4m and increased up to 9% at the surface of the snowpack. The snow 

temperature measured at 0 °C at any depth confirmed that the whole snowpack 

was partially wet (this was true at 17h, but not at 8h). Following Eq. (5-9), per-

mittivities of 1.8 ± 0.1 to 3.1 ± 0.2 correspond to a slowness factor /c v  of 1.34 ± 

0.4 to 1.76 ± 0.6 at the bottom and top of the snowpack, respectively.  

When moving the tag in the air, the phase varied following the air velocity, as 

expected (Fig. 5-14.a, in blue). A deviation to the theoretical value was observed 

on the first 10 measurements. That resulted from an insufficient fixation of the tag 

on its support, which slightly reduced the tag vertical position between each meas-

urement. When correcting for this effect at the distance of 24 cm, the phase went 

back to its expected value. 

When reducing the snow volume thickness, the phase varied at a rate correspond-

ing to the slowness of 1.29 (R2=0.95). The corresponding permittivity of 1.7 (using 

Eq. (5-9)) is consistent with permittivity measured at 2.0 ± 0.3 at the height of the 

tag. The snow volume near its vertical surface may have slightly melted after one 

hour of direct exposition to the air. That should explain why the permittivity meas-

ured at the vertical surface was slightly higher than the bulk permittivity estimated 

by the RFID experiment. 
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The attenuation expected from a snow density of 0.4 and a liquid water content 

of 0–2% should be  to  dB/m2 0 2dBL× = (Fig. 5-12), corresponding to a signal 

strength increase up to 0.6 dB when removing 30 cm of snow. This increase is too 

small to be measured, compared to the 0.5 dB instrumental resolution and to po-

tential multipath effects. Results showed indeed a signal strength decrease of -14 dB 

when reducing the snow thickness (Fig. 5-14.b, in blue). This drop is also observed 

when moving the tag at 20 cm from the wall, with a comparable steepness. How-

ever, the drop observed when moving the tag is temporary, and the signal strength 

increases back after the drop. This looks like a destructive multipath interference 

that would have occurred on both experiments. Similar patterns with negative 

peaks of signal strength had already been observed on preliminary experiments (not 

shown here). Multipath interferences may therefore play a major role on the signal 

strength, in the presence of snow. 

In conclusion, this section shows that RFID has no problem propagating within 

a few meters of dry or almost-dry snow with an incidence angle perpendicular to 

the snow surface. It validates that the propagation delay within a snowpack de-

pends on its thickness, with a velocity that can be estimated from the snow in-

phase permittivity. To unwrap the phase without ambiguity, the experiment re-

quired to reduce the snowpack thickness by steps of maximum 3 cm. That is op-

posed to the variations of several meters needed to measure the snow attenuation 

properly. As a result, the attenuation was not measured. The signal strength was 

instead dominated by multipath effects, which we study in the following section. 

Table 5-4: Characterization of the snow wall 

Height 

(m) 

In-phase permit-

tivity ε’ 
 

Liquid water con-

tent θw (%) 

 Mean σ  Mean σ 

0.8 3.1 0.2  8.7 1.0 

0.6 2.4 0.5  4.9 3.4 

0.4 2.0 0.3  1.9 2.1 

0.2 1.8 0.1  0.0 0.9 

0.05 1.9 0.1  0.9 1.0 

Each permittivity measurement was repeated four times. The density was measured as 0.41 with 

spatial variations of ±0.05 that were uncorrelated to depth. The temperature was measured as 

°C at any depth. The measurements were made at 17h30, two hours after having dug the 

initial snow wall, and 15 minutes after the last snow slicing. 
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Fig. 5-14: (top) Phase and (bottom) signal strength variations while moving the tag or changing the wall thickness. The 

negative peak of signal strength is very probably due to unwanted ground interferences, and is observed both when 

moving the tag or reducing the wall. Note that the x-axis of the RSS red curve represents the equivalent electrical 

length using the coefficient obtained from the phase curve. (∆electrical length= 0.29 x ∆wall thickness) 

5.75.75.75.7 MMMMultipathultipathultipathultipath    

5.7.1 Theory of reflexion, transmission and interferences 

This section presents the basic theory behind multipath interferences using the 

ray approximation. That includes the transmission and reflexion of microwaves at 

the interface between two medias, and the variations of the phase and signal am-

plitude during the propagation. 

When crossing a flat horizontal interface from a medium 1 to a medium 2 (

 Fig. 5-15), a wave is partly reflected in the medium 1 and partly transmitted 

in the medium 2. With an oblique angle of incidence i , the wave partly reflects 

with the same angle ir=i and partly transmits with a refraction angle it, following 

well-known Snell-Descartes’s law: 
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 =sin sin
t

i n i  (5-14)

Where n is the velocity ratio v1/v2. The relation between velocity and permittivity 

'v c ε=   (5-9) in a nonmagnetic material leads to ' '
2 1n ε ε=   

 
 Fig. 5-15: Reflexion and transmission of a ray at the interface between air and a “perfect” snow.  

The amplitude ratio between the incident electric field 
iE and the reflected and 

transmitted electric fields ,r tE E  are the reflexion and transmission coefficient 
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The reflexion and transmission coefficients depending on the incident angle are 

displayed on Fig. 5-16, for either vertical (dashed lines) or horizontal polarization 

(plain lines). The permittivities of 1.2 to 3.2 correspond to typical snow, and 20 

correspond to a typical wet soil (Hallikainen et al., 1985). The point at which the 

reflexion coefficient equals zero in vertical polarization is called the Brewster angle 
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iBrewster. The reflexion coefficient is shown in absolute value. It is always negative for 

horizontally polarized waves, which means that the phase is inverted at the reflex-

ion. The reflexion coefficient is also negative for i<iBrewster and positive for superior 

incident angles. The sign of the reflexion coefficient plays a major role in the inter-

ference pattern when summing the direct and reflected ray. 

 
Fig. 5-16: (top) reflexion coefficients in absolute value and (bottom) transmission coefficient when arriving at the 

interface from air to snow, for different snow permittivities. Horizontal polarization is in plain lines, and vertical 

polarization is dashed. RH is always negative, RV is negative when i<iBrewster and positive when i>iBrewster. Typical 

permittivities are in color for snow, and in gray for a wet soil.  
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In the case of a short-range RFID communication, the tag would receive the sum 

of the direct wave, the wave reflected on the ground, and waves reflected elsewhere. 

These multiple waves will interfere with the direct wave in a process called multi-

path, illustrated in Fig. 5-17. In most of the situations outdoors, the reflected waves 

have a lower amplitude than the direct wave. In such case, the amplitude of Etotal 

would fluctuate within the maximum Edirect+Ereflected when ∆φreflected=0 and the mini-

mum Edirect–Ereflected when ∆φreflected=π.  The variation of phase ∆φtot due to the inter-

ferences would fluctuate within [-π/2,+π/2] and would be null when ∆φreflected=0 or 

π. The resulting effects would be applied twice to account for the forward and 

backward link. 

 
Fig. 5-17: Representation of the influence that a reflected path can have over the total signal, in the in-

phase/quadrature representation. The total signal phase is shifted by 
tot
ϕ∆  compared with the ideal direct signal in 

free space. Its amplitude is also modified. 

Radiofrequency communications are often expressed in power value instead of 

signal amplitude. The energy received by an antenna Pr (typically a tag) depends 

on the radiated energy Pt, the gain of the transmitting and receiving antenna Gt(i) 

and Gr(i) in the direction i, the wavelength λ and the distance r using the Friis 

formula: 

 ( )r t r

2

( ) ( )
4 tP r PG i G i

r

λ

π

 = ×  
 (5-17)
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Combining the plane wave propagation equation (5-6) with the Friis formula 

(5-17), we can write the voltage received on the tag antenna due to the direct wave 

as (Pozar, 2000, section 4.5): 

 ( ) ( ) ( ) ( )t r
r

2
0 0

0 0( , ) ,
4

jkr jkr
P Z G i G i

V i r P i Z e V A i r C e
r

λ

π

− −= = = × × × (5-18)

With a constant 4C λ π=  , the receiver load impedance 0Z , the initial voltage

0 0 0V P Z= , and the amplitude gain A(i) defined as following: 

 ( ) ( )t r

1
( , )A i r G i G i

r
=   (5-19)

For a reflected wave, the amplitude gain would be adapted by computing the 

distance of propagation rreflected geometrically, and by accounting for the reflexion 

coefficient R(i) in the amplitude gain: 

 ( ) ( )t r

1
( ) ( )rA i R i G i G i

r
=  (5-20)

The signal can be normalized for calculation convenience: 

  ( )
0

( , )
( , ) , jkrV i r
s i r A i r C e

V

−= = × ×  (5-21)

The resulting signal arriving on the tag due to the forward propagation would be 

expressed as the sum of the direct and reflected rays: 

  ( )tot n
n

, ( , )s i r s i r=∑  (5-22)

The wave would then be backscattered from the tag to the station, following the 

same path and with the same amplitude gain due to the reciprocity of the antennas 

gain for emitting or receiving a signal. After accounting for the modulation effi-

ciency of the tag Lt (typically -5dB), the signal sfull received by the station antenna 

would be: 

  full tot
2

ts s L= ×  (5-23)

Finally, the expected phase and signal strength resulting from the two-ways multi-

path are: 

  ( )full fullArg 0Vϕ ϕ= +  (5-24)
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( )full full full
*

0P s s P= × ×  

These formulas can serve for modeling snow impact on multipath, studied in the 

next section. 

5.7.2 Thin layer of snow on the ground: model 

This section models the influence of removing a thin snow layer on the phase and 

signal strength, due to the multipath modification:  

no snow snow
ϕ ϕ ϕ∆ = −  ; 

dB dBm, no snow dBm, snow
P P P∆ = − . 

The model reproduces the experiment presented in the next section. A generic 

illustration is shown on Fig. 5-18. The station antenna is installed at a height of 

hstation=1.5 meters above the ground, and a tag at htag= 0.4 m. The horizontal dis-

tance between the tag and station antenna is variable: x=0 to 40 meters. The 

incidence angle i(x) and the ray length r(x) are defined geometrically from the 

variable parameter x. The tag gain is 0 dBi in its preferential direction, with a 

radiation pattern reproduced from the Survivor B data sheet (Confidex, 2014). The 

station antenna is a 14dBi Yagi array antenna with 13 elements. The Yagi and tag 

antennas are oriented horizontally, and polarized horizontally. The snow is defined 

with a height of hsnow=8cm. The permittivity of the snow is fixed arbitrarily at 

ε’=2.0, which could correspond for example to a dry density of ρd=0.3 with a liquid 

water content θw=4% (see Fig. 5-11). The permittivity of the soil is fixed ε’=20, 

corresponding to a typical wet soil. The attenuation within snow is neglected, due 

to the small thickness of the snow layer. The snow is considered homogeneous, 

isotropic, linear, perfectly flat and without scattering. The proximity effects of snow 

presented in sections 5.4.3 and 5.5.2, and the potential diffractions are not consid-

ered. 
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Fig. 5-18: Propagation scenarios using the ray approximation. (top) Without snow, the direct ray (in grey) interferes 

with (a) a ray reflected on the ground. (bottom) With a snow layer, the direct ray interferes both with (b) a ray 

reflected on the snow surface, and with (c) a ray transmitted in snow then reflected on the ground. 

 

The reflected rays considered—ignoring potentially guided rays—are shown in 

colors on Fig. 5-18. Their amplitude depends on Ar(i,t) (5-19). Computing their 

signal amplitude requires determining the term Ar(i,r). In equation (5-20), this term 

depends on the reflexion coefficient R(i), the antenna gain G(i) and the path length 

r. The incidence angle and path length are computed geometrically as a function of 

x: 

 
 Arctan

2station tag snow

x
i

h h h

  =   + − 
 

 

(5-25)

  2 2( 2 )station tag snowr h h h x= + − +  (5-26)

Without snow (hsnow=0) only one reflected path on the ground is considered (Fig. 

5-18.a). The presence of a snow layer would induce two reflected rays. The first ray 

would reflect on the snow surface (Fig. 5-18.b). The second ray would transmit in 

snow and reflect on the ground (Fig. 5-18.c) with an effective reflexion coefficient 

Reff and an effective velocity veff: 
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 eff air snow snow ground snow air
R T R T→ → →= × ×   (5-27)

  ( )2 snow
eff a a s

tag base

h
v v v v

h h

×
= − −

+
 (5-28)

The reflexion coefficients R(x) are computed using equations (5-15) and (5-16) 

for these three rays (Fig. 5-19).  

 
Fig. 5-19: Accounting for the reflexion coefficient of air/snow/ground interface. Without snow, we consider (a) one 

reflected ray on the ground. With snow, we consider two reflected rays, (b) reflected on the ground and (c) transmitted 

in snow and reflected on the ground. Negative reflexion coefficient represents a phase inversion. 

 

Antenna gains depend on the radiating angle (radiating angle i’ is related to the 

incidence angle i with 
2

'i iπ= − ). The tag radiation pattern was retrieved from 

the tag constructor datasheet (Confidex, 2014) and interpolated using a polynomial 

regression within [-90°,90°], and the radiation pattern of the base station was com-

puted with the script of Ilma (2016). The resulting radiation patterns are shown 

depending on the angle i’ (Fig. 5-20.a) and transposed to tag horizontal positions 

x (Fig. 5-20.a). The resulting signal gain A(t) is smoothed along x to account for 

the imperfect Yagi antenna, and multiplied by the arbitrary coefficient of 0.95 to 

account for losses in the reflexion, for example due to rugosity. This makes the 

resulting interference peaks smoother and with a more realistic amplitude. The 

amplitude coefficient resulting from the antenna gain and ground reflexion are pre-

sented in Fig. 5-21. These are used to compute the amplitude of rays separately, 

before summing them. 
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Fig. 5-20: Accounting for the directivity of the antennas. (top) Gain of the tag patch antenna and of the 14-dBi Yagi-

Uda station antenna depending on the radiation angle. (bottom) Combination of the tag and station antenna gains for 

the direct and reflected ray, depending on the tag position. 

 
Fig. 5-21: Gain in amplitude combining antenna gain and reflexion coefficients, depending on the tag position. 

 

The interferences of each reflected ray on phase 
multipath direct

φ φ φ∆ = −  and sig-

nal strength 
dB dB,multipath dB,direct

P P P∆ = −  are first presented separately (Fig. 

5-22). The reflected rays on the ground and snow surface represent a typical in-

terference pattern with one single ray. The phase error varies in the first meters 
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within [-π,+π]. It reaches its last negative peak when the direct and reflected path 

lengths differ by half a wavelength. After that, the phase error converges to zero 

as the reflected and direct path lengths also converge. The difference between (a) 

and (b) lies firstly in their amplitude, because the higher permittivity of the wet 

soil induces a higher reflexion coefficient. Less noticeable, the interference peaks 

shown on (a) are a little bit stretched compared to (b), because the tags and sta-

tion antennas are slightly closer to the snow surface than to the soil. Generally, 

antennas far above the ground would stretch the interference peaks to great dis-

tances, and antennas close to the ground would reach the asymptote at shorter 

distances. The interference of (c) is different, because it oscillates with a regular 

period without reaching any asymptote. That is explained by the slower propaga-

tion within snow than within air. The reflected wave would be slower on average 

(by about 3% in this model), and moving the tag away from the antenna would 

regularly create interferences. A slower average velocity of the reflected path due 

to a higher density, liquid water content or snowpack depth would compact these 

oscillations in space. On the contrary, a smaller velocity difference would increase 

the spatial period of the oscillations. Furthermore, the amplitude of the oscilla-

tions decreases with distance on (c), due to the transmission coefficient at the 

snow-air surface that converges to zero when the incident angle increases (Fig. 

5-16). The combined interference of two reflected rays with a snow layer (d) in-

cludes the contribution of the ray reflected on the snow surface and on the 

ground. 
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Fig. 5-22: Influence of each reflected ray on the direct ray (a) without snow and (b,c,d) with a thin snow layer. The 

oscillations on (c) are due to the slower propagation in the layer of snow than in the air. 

The variations of phase and signal strength when adding a layer of snow should 

then be the difference of the curve of Fig. 5-22.d minus the curve of Fig. 5-22.a. 

This difference (Fig. 5-23) reveals potentially large variations of the phase (ex: -1.5 

rad at 6m) and signal strength (±12 dB, and +3.3 dB at 6m). These variations are 

stronger in the first few meters. However, spatial oscillations of the phase and signal 

strength are still observable at large distance, meaning that the effect of removing 

a layer of snow would strongly depend on the distance between the station and the 

tag. In this model, the phase variation remains ≥0 at larger distances, but in real 

situations with non-flat topography and rugosity the influence of the phase could 

probably be either positive or negative. 

 To conclude, the influence of snow on multipath is complex, with positive 

or negative variations of phase and signal strength depending on the tag position. 

Even with all the simplifications made in the model, (homogeneous layer, flat 

ground and surface snow, no rugosity, and more…) the resulting interferences re-

main complicated. These should be even more complex in a real situation. That is 

studied experimentally in the next section. 
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Fig. 5-23: Expected multipath effect when removing a thin snow layer (thickness of 8cm), on the phase 

no snow snow
( )φ φ φ∆ = − and signal strength

no snow snow
( )RSS RSS RSS∆ = − . 

5.7.3 Thin layer of snow on the ground: experiment 

This section verifies the influence of snow on multipath interferences experimen-

tally, under similar conditions to the model presented in the previous section. That 

model should be quantitatively inexact due to the many approximations compared 

to the reality. Therefore, the experiment leads to qualitative conclusions, to (1) 

validate that the multipath effect is mostly influenced by the material at the re-

flexion point; (2) validate the strong effect on the phase and signal strength; and 

(3) discriminate the multipath effect from proximity effect.  

To observe the influence of snow on reflected propagation, we progressively re-

moved a natural snow cover between a station antenna and a tag (Fig. 5-24). The 

snow cover was approximately 8 cm high, with unknown dielectric permittivity. 

The station antenna and tag were 1.5 m and 0.4 m above the ground, respectively. 

Their horizontal spacing was 6 m (Fig. 5-23). The snow was removed by slices from 

the antenna to the tag, at the distance of 4, 5.25, 5.5, 5.75, 6, 6.25 and 6.5 m from 

the station antenna. The reflexion point using the ray approximation would be 

situated at a horizontal distance of 4.8 m and 5.0 m, respectively with and without 

the snow layer. 
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Fig. 5-24: (top) sketch and (bottom) picture of the experiment of removing snow on the ground 

The phase and signal strength are shown on Fig. 5-25. Long pauses >1 minute 

with stable measurements are annotated with their positions, unstable measure-

ments caused by the operator are removed. A change of colors means snow has 

been partially removed. The largest phase and signal strength variations, of +6 dB 

and -1.6±kπ, occurred when removing the snow at the reflexion points near 4.8 m 

(marked as 2). That confirms that multipath has a major role in explaining the 

phase and signal strength variations caused by a layer of snow on the ground. The 

measured values are also close to the expected values of the model presented in the 

previous section (-1.5 rad and +3.3 dB). 

The signal also varied when removing snow approximately one meter below the 

station antenna (+0.2 rad and -3 dB, marked as 1) and one meter near the tag (-

0.4 rad and +1 to 2 dB, marked as 3). That suggests the occurrence of proximity 

effects not explained by the ray multipath. These should be explained by coupling 
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between the antenna and the surface of the ground or snow, or by a stronger con-

tribution of scattering near the antennas. Such an effect was expected for the tag 

placed only at 32 cm from the snow, but not on the Yagi antenna placed one meter 

above snow. We suggest that the large size of the Yagi (1-meter-long, installed 

horizontally) may induce a higher sensitivity to coupling effects. 

 

 
Fig. 5-25 :  (top) Phase and (bottom) signal strength variations, when progressively removing an 8 cm high snow cover 

from the ground. The black arrows and numbers represent the length of snow remaining between the tag and the base 

antenna in centimeters (negative values mean that snow is removed behind the tags). 

Removing snow between the reflexion point and the tag decreased the phase. In 

that case, the hypothesis of interference from scattered waves seems more probable, 

due to the large radiation pattern of the tag antenna. Moreover, the proximity 

effects of the tag with the snow or ground should affect the phase, due to the short 

distance between the tag and snow surface (0.32 m). It must be noted that remov-

ing snow behind the tag had no visible effects. That may be more favorable to the 

hypothesis of the scattering multipath.  
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This experiment could be improved, to validate the model with more confidence. 

Several tags should be installed at different distances from the station antenna, in 

order to observe the spatial oscillations of the interferences predicted in the model. 

Proximity effects should be reduced and better discriminated by installing the tag 

and station antenna higher above the snow surface. A different station antenna, 

such as a panel antenna, could reduce the coupling effect compared to Yagi-Uda 

antennas. A more advanced experiment could use two directive antennas: the first 

one directed towards the ground and the second towards the tag. Installing verti-

cally and horizontally polarized tags and antennas could also validate the influence 

of polarization and maybe provide an indicator of depolarization due to scattering.  

In conclusion, the experiment showed two effects when removing the snow: Prox-

imity effects near the station antenna (+0.2 rad / –3 dB) the tag (–0.4 rad / 

+1 dB), and a multipath effect near the ground reflexion point (+1.6 rad / +6 dB). 

The measured multipath effect corresponds well to the previous multipath model 

results (+1.5 rad / +3.3 dB) with, however, a possible phase ambiguity. That val-

idates the strong influence of snow on the ground due to multipath, even with a 

thin snow layer situated well below the tags and station antennas. 

5.85.85.85.8 ConclusionsConclusionsConclusionsConclusions    

This study demonstrates that snow can influence RFID communication with 

proximity effects, direct propagation within snow and multipath. Proximity effects 

were measured as +2 dB and -0.65 rad when placing snow on “Survivor B” tag, 

but such effect strongly depends on the tag design. Proximity effects were also seen 

when removing a small layer of snow on the ground up to 1–2 meters from the tag 

(+0.2 rad / -3 dB) and station antenna (-0.4 rad / +2 dB). The proximity of the 

tag within 20 cm of the snow surface created an effect of +7.5 rad and -30 dB, 

strongly reducing the ability to read tags placed on the snow surface. This effect 

could be due to slow surface waves or to coupling between the tag antenna and the 

snow surface. 

Propagation within a snow volume increased the phase wave slowness, in coher-

ence with its measured dielectric permittivity. Direct propagation can be modelled 

easily with established formulas going from snow bulk properties (dry density and 

liquid water content) to electromagnetic properties (in-phase and quadrature per-

mittivity) to wave propagation (slowness and attenuation) to measured the prop-

erties using RFID tags (phase and received signal strength). Such model predicts a 
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wave velocity that can be twice slower than in the air, and an attenuation of up to 

12 dB/m, in dense and wet snow. In the experiment, however, the attenuation was 

too small to be measured and the received power was dominated by multipath. 

The effect of multipath was shown with the experiment of removing a snow layer 

on the ground. This had a small effect when removing snow within 1–2 meters of 

the tag and station antenna due to proximity effects. However, the larger effects 

happened when removing snow at the reflexion point between the tag and station 

antenna (-1.6 rad, +6 dB). A multipath model with an 8 cm snow layer with 4% 

of liquid water content and a dry density of 0.4, resulted in similar results (–1.5 rad, 

+3.3 dB). The model shows that this effect is controlled by the snow thickness and 

density, but also by the position of the tag and station antenna and their horizontal 

or vertical polarization. 

Liquid water content strongly influences the snow dielectric permittivity, and 

therefore all the previously mentioned effects on RFID communication. Superficial 

snow melting can influence the phase and signal strength of tags placed near the 

snow surface or within the snowpack. Daily cycles of frost deposition, melting and 

evaporation on the tag can also influence the phase and signal strength (-0.9 rad, -

4 dB). 

The models and experiments made approximations and have limits. The proxim-

ity effects would strongly depend on the tag design. The snow models ignored many 

phenomena: snow microstructure, multiple layers, perturbing materials (vegetation, 

aerosols…), heterogeneity of density and liquid water, rugosity, scattering, and ir-

regular surface. The experiments required a good characterization of the snow, 

which was not always done (for example when manually placing snow on a tag) 

and showed the heterogeneity of the snow. Multipath created inaccuracies in any 

experiment, and prevented measuring the attenuation of direct propagation within 

snow. The presence of snow seems to create multipath patterns that appear more 

complex than with just the bare ground. Finally, the multipath experiment would 

have benefited from a shorter spatial resolution when removing the snow, from the 

dispatching of multiple tags at different positions. Observing the multipath using 

both vertical and horizontal polarization would help to understand better the phys-

ical phenomena, and could maybe provide a scattering indicator by measuring the 

depolarization. 
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Practical conclusions can be drawn, to design an RFID system that could work 

in snow. Using vertical polarization should reduce the amplitude of multipath in-

terferences due to its smaller reflexion coefficient, particularly near the Brewster 

angle. Keeping tags above snow should avoid proximity effects, attenuation and 

small transmission coefficient at high incidence angles, and large phase delay that 

would create strong localization inaccuracies. Whenever possible, tags should not 

be installed near the snow surface. A tag below the snow would be easier to read, 

particularly at a perpendicular incidence. Frost deposition (and melting) on the tag 

could be minimized using a radiative heat barrier on the tag. Otherwise, measuring 

this effect with a self-tuning tag could also serve for correcting numerically its 

influence on the phase. 

The main perspective is to measure the snow permittivity with RFID tags, in 

order to estimate locally the snow dry density, liquid water content and depth using 

proximity, direct propagation or multipath effects. Proximity effects, such as de-

tuning, are already exploited by dedicated snow instruments. Self-tuning tags could 

provide the same measurements over large permanent sensor networks. This ap-

proach would benefit from using RFID tags: low-cost, wireless, batteryless, small 

size, small weight and minor heat disturbance. These tags also include temperature 

sensors, that would be useful to know if snow is dry or wet. Direct propagation of 

reflected waves is already exploited by ground-based radar, converting the attenu-

ation and time delay into dry density and liquid water content. RFID tags could 

offer permanent and well-identified scatterers, and the RFID station would be 10x 

cheaper than a radar. Variations of phase or signal strength could be observed 

across time, space (multiple or moving station antenna or tags) or frequency (quad-

rature permittivity is sensitive to frequency). The multipath effect is already ex-

ploited to measure the snow height and estimate its water content with permanent 

GPS stations receiving satellite signals from different directions and under different 

incident angles. That could be exploited also with RFID using permanent stations 

and tags, or interrogating the tags from a drone instead of from a satellite. This 

would allow making measurements on a more restricted area than with GPS, which 

are obstructed for example by forests or mountains. 

Measuring the snow is important for applications such as hydraulic energy, ava-

lanche prediction and meteorology. On landslides, snow melting is a major trigger-

ing factor. Estimating the snow depth and density could allow estimating the quan-

tity of infiltrated water and increasing the accuracy of hydrological predictions in 
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winter (that would be useful for the hydrological analysis presented in chapter 8). 

Combined with a permanent RFID phase-based displacement monitoring system 

(presented on the next chapter), the additional cost of installing a few tags for 

monitoring the snow properties would be ridiculously low. These measurements 

could also serve for improving the displacement monitoring accuracy by correcting 

partially the snow effect or providing a confidence value of the measured displace-

ment.
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Chapter 6  

Influence of grass on RFID  
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6.16.16.16.1 SSSSummaryummaryummaryummary    

This chapter studies the last major influence observed during the long-term tests 

outdoors. Grass varies over seasons with growth, decay, or mowing. Its moisture 

varies both with seasonal and daily cycles, and after rainfalls. This chapter presents 

experimental results highlighting the influence of grass on RFID phase and signal 

strength. The expected propagation delay and attenuation due to the vegetation 

are firstly computed, using formulas from the literature and values of density and 

moisture content measured on the grass. The expected values for a forward and 

backward path were 0.67 dB/m of attenuation and 0.56% of additional delay, due 

to a ray crossing a vegetated volume. Three experiments were made, that exploited 

the mowing of a vegetated area. Moving a tag vertically before and after mowing, 

allowed estimating an attenuation factor of 0.26 dB/m and a relative delay increase 

of 0.27%. Tags placed within the grass while progressively mowing it allowed meas-

uring an attenuation factor of 0.46 dB/m and a relative delay increase of 0.22% 
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due to the grass. That confirmed the major influence of the propagation within a 

vegetated volume on the phase and signal strength. However, some results could 

not be explained by simple ray models, and require studying potential multipath. 

The last experiment consisted of placing tags above the grass while removing it 

progressively, to observe only multipath and scattering effects. The limits of the 

different approximations and of the use of the ray model are then discussed. 

6.26.26.26.2 IntroductionIntroductionIntroductionIntroduction    

The usage of Radio-Frequency Identification (RFID) tags in vegetated areas has 

been recently introduced for precision agriculture (Luvisi et al., 2016; Ruiz-Garcia 

and Lunadei, 2011) and landslide monitoring (Le Breton et al., 2019; Pichorim et 

al., 2018). Other usages in potentially vegetated areas include wood tracking (Björk 

et al., 2011), outdoor sensor nodes (Pozzebon, 2015), buried tags (Abdelnour et al., 

2018) or aerial interrogation from drones (Buffi et al., 2017; Casati et al., 2017). 

Such applications exploit the identification, sensing or localization capabilities of 

an RFID system. Reading a tag requires the signal strength received by the tag 

and reader to exceed their respective sensitivities (see appendix 3). Received signal 

strength is also used for tag localization or for sensing. More recently, monitoring 

the phase difference of arrival allowed for more accurate localization and sensing, 

without impacting the readability. Received signal strength and phase appear as 

an important indicator for sensing and localizing tags outdoor. In this chapter, we 

investigate the influence of grass on the phase and signal strength during the inter-

rogation of an RFID tag. 

Vegetation, including grass, is a complex medium, highly heterogeneous in space. 

Its height, density and moisture content evolves over days and seasons. Trees de-

teriorate long-distance radio telecommunications, depending on their height, their 

species, and the presence of foliage. Forests would also deteriorate the communica-

tion between antennas placed 1–2 meters above the ground and at a distance 

<200 m, which is close to the RFID situation (Smith et al., 2016). However, this 

study focuses on the effect of lower vegetation, such as grass, which can grow rap-

idly outdoors. Grass height and moisture would influence the propagation. Indeed, 

the permittivity of a volume of vegetation is strongly dependent on its moisture. 

The relative dielectric constant of the dry matrix remains usually between 1.5 and 

2.0 (for f=0.5-20 GHz), while the liquid water is around 80, and a mixing theory is 

presented in (Ulaby and El-rayes, 1987). The difference in the solid matrix, quantity 
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of water and shapes, leads to different electromagnetic properties between species. 

Grass may behave differently than corn, soya or grapes, for example. The dielectric 

constant would also depend on the temperature (El-rayes and Ulaby, 1987), par-

ticularly at the transition between liquid and solid water, already presented in the 

previous chapter. For example, the permittivity of a corn leave would be around 

50 above 0 °C, and drop below 5 for a temperature below 0 °C. 

Wave propagation in a volume of grass should therefore induce a signal strength 

attenuation and a phase shift due to the grass properties, and a depolarization due 

to scattering. The effect of vegetation on radio-frequency measurements are visible 

with a GPS (Rodriguez-Alvarez et al., 2011a, 2011b; Small et al., 2010). The scat-

tering is measured by ground-based (Y. Kim et al., 2014) or satellite-based polari-

metric radars (Bouvet et al., 2009; Steele-Dunne et al., 2017). These emit a wave 

that is backscattered by the soil and vegetation, leading to backscattering ratio 

HH, VV, and HV between the emitted and received wave, either at a horizontal or 

vertical polarization (H or V). The depolarization is expressed by the HV, and the 

more scattering, the more depolarization. The backscattering coefficient was shown 

to depend on grazing angle (and therefore slope), soil rugosity, soil moisture and 

vegetation (Kim and Zyl, 2009). When correcting for these effects, the vegetation 

waver content per soil surface (typically 0−4 kg/m2) showed a linear relation with 

a radar vegetation index derived from the backscattering coefficients (Kim et al., 

2012). The attenuation of the ground-reflected wave by the vegetation is exploited 

with GPS methods. The principle is to observe the change of soil reflectivity due 

to the vegetation: an increase in height, density or moisture content would decrease 

the amplitude of the ground-reflected pat. That reduces the amplitude of the con-

structive/destructive interference peaks due to multipath, observed when varying 

the grazing angle. 

The effect of vegetation on RFID—grass specifically—has not been studied yet. 

However, given the non-RFID studies made at radio frequencies, an increase of 

grass volume and moisture content should increase the propagation delay and de-

crease the signal strength of tags placed within the grass. Tags placed above the 

grass should also be influenced due to scattering and ground-reflected path, with 

complex effects. 

This chapter present experiments made before and after mowing a flat area veg-

etated with grass. The results highlight the importance of the tag height relatively 

to the grass, and the control of the grass volume, density and moisture on its effects. 
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6.36.36.36.3 RFID mRFID mRFID mRFID material and aterial and aterial and aterial and grassgrassgrassgrass    characterizationcharacterizationcharacterizationcharacterization    

The experiments presented observe the effect of mowing a grass field and chang-

ing its moisture content, on the phase and signal strength of an RFID system out-

doors. Three experiments were made on a large flat grass field at Crolles, France, 

in 2−4 July 2018. They aimed at estimating the influence of a grass layer on the 

phase and received signal strength measured by an RFID system. In this goal, 

measurements were firstly made with the presence of high grass (h=0.8 m), then 

this grass was progressively removed, and the difference due to removing the grass 

was observed for tags at different positions. A first experiment consisted of moving 

a tag vertically above the ground, with and without grass, to see how the height of 

the tag would influence the measurements. The second experiment consisted of 

mowing progressively the grass between the tag and antenna, to observe the influ-

ence of the grass on the phase and signal strength. Each experiment is described 

with more details within each appropriate section. 

 
Fig. 6-1: Principle of the experiments presented. A layer of grass was removed, to observe its effect on RFID phase and 

signal strength. Tags were at different heights above ground and distance from the reader. 

The RFID system consisted of an interrogator (SR420 from Impinj) emitting at 

865.7 MHz through a Yagi-Uda directive antenna (13 elements), to communicate 

with one to six tags. The tags were battery-assisted (based on the EM4325 chip) 

and consisted either of a patch antenna in a hard casing (Confidex Survivor B) or 

a slot antenna coupled with a loop (Tagsys/Mojix prototype).  
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Fig. 6-2: Grass (a) before and (b) after mowing. It was weighted (c) just after mowing, and after 24 hours of oven 

drying. Its surface density was 0.20 kg/m2, with a gravimetric moisture content of 0.65. (d) The mowed grass had a 

height of 0.8 m. 

The grass was characterized, to estimate the wave slowness and attenuation 

within the volume comprising grass and air. The mowed grass was put in bags just 

after mowing to avoid its drying, and weighted at the end of the experiment. That 

allowed for evaluating a surface vegetation mass of 0.20 kg/m2. With an average 

grass height of 0.8 m, the equivalent volume density of the vegetated volume (mix 

of vegetation material and air) would be 0.25 kg/m3, or 4

vegetated 2.5 10 v vρ ρ θ−= × = ×

. Where 
v

ρ  is the density of the vegetation material and 
v

θ  the volume ratio of 

the vegetation material. The grass was then dried in a 100 °C ventilated oven for 

24h and weighted again, to compute its gravimetric moisture content Mg=0.65. 

From in situ observation, the grass density and moisture content were higher near 

the ground than at 0.8 m high. This is considered qualitatively into the interpreta-

tion of the results. Similarly, the vegetation was heterogeneous across the mowed 

area, with different species, height, density and moisture. The measurements over 

large distances should, however, average this heterogeneity. 
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The slowness and attenuation are estimated by a linear mixing of air and vege-

tation material permittivities, based on their volume ratio. The linear mixing ap-

proximation is probably biased, but should help to understand several phenome-

nons. The relative permittivity of the vegetation material 
v

ε   was estimated using 

formulas of Ulaby and El-rayes (1987). These formulas depend on 
fwv  the volume 

fraction of free water, 
b

v the volume ration of bounded water, σ  the conductivity 

of the water inside the vegetation (S/m) and f  the frequency (GHz). Most of these 

variables can be estimated from the gravimetric moisture content of the vegetation

gM  (kg/L).  

 
75.0 18 55.0

4.9 2.9
1 / 18 1 / 0.18

v r fw bv j v
jf f jf

σ
ε ε

     = + + − + +  + +   
(6-1)

  21.7 0.74 6.16r g gM Mε = − +  (6-2)

  (0.55 0.076)fw g gv M M= −  (6-3)

  2 24.64 / (1 7.36 )b g gv M M= +  (6-4)

These formulas assume a bulk dry density 0.33
bd

ρ =  and an average water con-

ductivity σ=1.27 S/m of corn leaves (Ulaby and El-rayes, 1987). Using the meas-

ured gravimetric moisture content 0.65gM =  leads to permittivity of the vegetation 

material ' ''
27.3 10.0v v vj jε ε ε= − × = −  . 

 The vegetated volume contains mostly of air, with a small fraction of vege-

tation material. We estimate 
vegε  the equivalent permittivity of the vegetated vol-

ume using a linear mixture of the permittivity of air and vegetation material: 

  veg air air v vε θ ε θ ε= +  (6-5)

The gravimetric moisture and dry density were used to compute the density of the 

vegetation material 0.58
v

ρ =  . With a height of vegetated volume hveg=0.8m and a 

weight of vegetation per surface previously measured as 0.20 kg/m2 leads to a vol-

ume ratio of vegetation material 4
4.28 10vθ −= × . With an air relative permittivity 

of one, the mixing ratio finally leads to '
1.0112vegε =  and ''

0.00430vegε = . Using equa-

tion (5–9) presented in the previous chapter leads to a wave velocity / 1.0056vegv c=  

, or a relative slowness increase of 0.56%. Using equations (5–10) and (5–12) would 
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lead to an intrinsic linear attenuation coefficient of 0.34  dB/mL =  , or a loss of 

0.67 dB/m when considering the forward and backward path in RFID (equation 

(5–13)). 

6.46.46.46.4 Experimental resultsExperimental resultsExperimental resultsExperimental results    

6.4.1 Influence of tag height 

To measure the influence of the tag height within and above the grass, a tag was 

moved over a vertical support, before and after mowing the grass, on July 2 and 

July 4, respectively. Except for removing the grass, the conditions were almost 

identical between both experiments: the supporting stick had been installed 19 m 

away from the station antenna and not moved. However, a rainstorm that occurred 

between both experiments might have rotated the supporting stick by a few centi-

meters (see chapter 4 for more details on such problems (Le Breton et al., 2017)). 

To remove any potential offset, both phase curves were set to zero at their top 

positions. The signal strength curve was initialized from the highest value of the 

two curves, of -56 dBm. Finally, the displayed results only consider heights>0.16 m, 

below which the tag was not read in the presence of vegetation. 
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Fig. 6-3: Experiment of moving a tag vertically. (Top) Picture and (bottom) sketching. The experiment was made in 

the presence of grass, and repeated after mowing the grass. 

The resulting variation of the phase and signal strength for both experiments are 

displayed on Fig. 6-4. The curves without grass show a clear effect when moving 

the tag close to the ground. The signal strength decreased slowly above 0.5 m 

(−6.5 dB from 1.25 m to 0.5 m), then started to decrease more rapidly below 0.5 m 

(−15.5 dB from 0.5 m to 0.16 m). The phase, also, was much influenced by the 

ground below a height of 0.4 m, with a drop of −1.12 rad from 0.4 m to 0.16 m 

high. These results highlight the influence of the ground on RFID measurements, 
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and show that it is better to install tags at least 50 cm above the ground. However, 

the goal of this chapter is to study the effect of the grass, not the ground. 

 
Fig. 6-4: Variations of the (left) phase and (right) signal strength when moving a tag vertically, with grass or not. 

 
Fig. 6-5: Difference of (left) phase and (right) signal strength, due to removing the grass (i.e. 

no grass with grassφ φ φ∆ = −

), to highlight the influence grass depending on the tag height.  

To observe only the effect of removing the grass, the difference between both 

curves 
no grass with grassφ φ φ∆ = −  is displayed on Fig. 6-5.a. This phase difference was 

stable between 0.65 m and 1.25 m, with only small oscillations between +0.18 rad 

and −0.08 rad that suggest potential interferences. That suggests that the grass 

had no major effect between 0.8 m and 0.65 m. That is consistent with the visual 

observation of a parse and dry grass at this height (see the yellow grass at 

0.6−0.8 m of Fig. 6-2.d) 

Below 0.65 m, the phase decreased linearly with the height of the tag, at 

−1.91 rad/m, equivalent to -52 mm/m. After a geometrical conversion (=division 

by 19), this resulted in a delay per path length of –0.10 rad/m. This is equivalent 

to a 0.27% relative velocity decrease, which matches the value of 0.56% estimated 

in section 6.3. The smaller value (by a factor 2) can be easily explained by the 

multiple approximations discussed in section 6.5. 
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 The influence of the grass on the signal strength 
no grass with grassRSS RSS RSS∆ = −  is 

different. Removing the grass increased the RSS by +4 dB at a height of 1.2 m. 

Then, the signal strength increased from 1.1 m to 0.4 m at 5 dB per meter high. It 

corresponds to a loss of 0.26 dB per meter of path length. Again, that in the same 

order of magnitude as the expected value of 0.67 dB/m, but smaller by a fac-

tor 2.5. In addition to the approximations already presented, the attenuation factor 

could also be affected by the water conductivity, later discussed in section 6.5.1. 

The signal strength at heights <0.4 m then oscillated around 8 dB and finally 

seemed to decrease back to 6 dB at h=0.16 m with, however, strong oscillations. 

In the ray approximation, the linearity of the phase decrease (and to a lesser 

extent of the RSS) would suggest the grass to be homogeneous within the height of 

0.65−0.2 m. However, in situ observation suggested a vertical gradient of grass 

density and moisture content. With such gradient, the dependence of the measure-

ments on the depth could also result from the proximity to the grass. The assump-

tion that the variations are caused by the propagation in the grass volume, and not 

by a proximity effect, should then be verified. That would require modifying the 

grass at distances far enough from the tag (several wavelengths), to avoid potential 

proximity effects. 

6.4.2 Tags below the grass: propagation in the volume 

This section measures the effect of high grass placed between a tag and a station, 

by progressively removing this grass. Two tags were installed on a supporting stick 

within the grass. The center of the tags was placed at a height of 0.30 m and 0.53 m 

above the ground (Fig. 6-6). The station antenna was installed 19 m further, 1 m 

above the ground, slightly above the grass that was approximately 0.8 m high. The 

installation had slightly flattened the grass just behind the tags. However, the grass 

between the tag and the station antenna remained almost untouched. 
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Fig. 6-6: Direct ray propagation for a tag placed in the grass (a) before and (b) after mowing the grass.  

The grass was then mowed progressively from the antenna to the tags by steps 

of one meter and over a band of 3 m width, using a brush cutter (Fig. 6-7). After 

each mowing step, the grass lying on the ground was pushed on the side of the 

mown band, and the operator went away from the experiment for one minute to 

obtain stable RFID data. When reaching the tags, the brush cutter was adjusted 

to avoid projections on the tag, but still a little bit of grass was projected on the 

lowest tag (h=0.30 cm) with a larger antenna. The mowing started at 2 m from 

the station antenna, and ended at a distance of 29 m. The whole experiment was 

performed on July 4, 2018 between 11:00 a.m. and 12:30 p.m., under a cloudless 

sky and a strong sun. The experiment was made as rapidly as possible, to reduce 

the drying of the mown grass lying on the ground. The mown grass was retrieved 

in plastic bags just after the end of the experiment, for weighting (Fig. 6-2.c) 
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Fig. 6-7: Mowing the grass step by step 

Mowing the grass was expected to increase the phase velocity by 0.56%, and to 

increase the signal strength by 0.67 dB/m (see section 6.3). 
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Fig. 6-8: Variations of (top) phase and (bottom) signal strength when mowing the grass, for tags below the grass 

The phase variations measured while mowing the grass are shown on Fig. 6-8.a. 

It was almost the same for both tags, except for the last four meters before reaching 

the tag. There, phase of the lower tag progressively increased by an additional offset 

of +0.38 rad. That is consistent with the results from the vertical profile experiment 

(section 6.4.1), where a increasing the tag height by 0.23 m resulted in an increase 

of phase of +0.44 rad. The small difference should come from the different tag 

antennas: there was a vertically symmetric slot antenna at 0.3 m, and an assymetric 

patch antenna (asymetric in its casing as well due to the battery) at 0.53 m. The 

results would fit perfectly with placing the upper tag only 3 cm lower. 
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The variations of signal strength (Fig. 6-8.b) was almost the same for the two 

tag heights, except for a negative peak of −1 dB and −3 dB two meters before 

reaching the higher and lower tag, respectively.  

Several conclusions can be drawn from the results displayed on Fig. 6-8. The 

removal of grass displays a linear effect with distance on the phase and signal 

strength, at distances >5 m from the tag and station antenna. The attenuation is 

estimated from the slope of the signal strength curve as 0.46 dB/m. That is close, 

but lower, than the 0.67 dB/m expected from grass weighting (forward+backward 

path). The variation of slowness (or velocity) is measured from the phase slope as 

∆φ/φ=0.22%. Again, that is in the same order of magnitude, but lower, than the 

slowness estimated at 0.56% using the measurements of grass density and moisture 

content (see section 6.3). The possible reasons for the discrepancy are discussed in 

section 6.5. The lower delay measured with RFID than expected from section 6.3 

would be consistent with a vertical gradient of grass density and moisture. Indeed, 

the slope of the phase curve increased when removing the last four meters of grass 

in front of the tags. This stronger phase increase near the tag would be qualitatively 

consistent with a vertical permittivity gradient, under the ray propagation approx-

imation: The direct path would then cross the denser layers of the grass only a few 

meters before reaching the tag, leading to a faster phase increase when removing 

the last meters of grass near the tag. The lower tag (h=0.3 m) would be more 

affected by this effect, leading to a stronger slope than the higher tag (h=0.53 m). 

The previous interpretations were based on the approximation of a ray propaga-

tion. However, one behavior in the results does not fit to the ray model. Since the 

station antenna was installed 1 m above the ground (=0.2 m above the grass), the 

ray close to the antenna should, geometrically, not be affected by the grass before 

a distance xmin. A simple geometric ratio estimates this distance as xmin=14 m to 

9 m, for the tags at h = 0.53 m to 0.3 m, respectively. Instead, the phase started 

to increase at a distance of x = 5 m for both tags. Besides, the RSS increased line-

arly even earlier, since the first measurement at x = 2 m. This straightforward ob-

servation invalidates the ray approximation for explaining the results. A complete 

explanation would require to consider other effects, such as interferences from scat-

tering and ground multipath, discussed in section 6.5.2 

Some results allowed making qualitative hypotheses on the effect of scattering. Re-

moving the grass behind the tag had no major effect on the phase and signal 
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strength, which suggests that the signal backscattered from the grass to the tag is 

negligible.  

Finally, some observations are difficult to explain. First, the repeated negative 

peak of signal strength at the distances of 10 m and 17 m could be explained by 

destructive interferences. Such repetition would require the phase difference be-

tween the direct and ground-reflected path to change by 2π between the two posi-

tions. That corresponds to a virtual displacement of 0.34 m, or approximately 5% 

of the change of grass thickness of 7 m. This value seems too high in comparison 

with the relative wave slowness of the grass material of 0.2–0.5%. Furthermore, a 

simple geometric computation expects the multipath negative interferences to be 

situated at a distance from the station antenna of 13.7 and 4.1 meters for h=0.3 m 

and 7.9, 4.4 and 2.8 meters for h=0.53 m (destructive interferences at distances < 

2m are ignored). That differs from the negative peaks situated at the same distances 

of 10 m and 17 m for both tag heights. Therefore, those negative peaks may not be 

explained by simple destructive interferences from ground-reflected paths, and 

should be further investigated (it should be noted that such peak was not observed 

when tags remained above the grass, see Fig. 6-10.b). Second, the phase appeared 

stable when removing the grass at distances of 2–5 m, while the signal strength 

already increased. That might be caused by a coupling of the antenna with the 

ground or grass, or by the stronger effect of scattering/backscattering near the 

station antenna. Third, the total RSS variation after removing all the grass was 

independent from the tag height, contrarily to the direct path length. That is not 

consistent with the assumption of direct ray propagation. The next section studies 

the effect of the tag height with more details. 

6.4.3 Tags above the grass: multipath interferences 

 
Fig. 6-9: Experiment that consisted of cutting progressively the medium to observe its impact on propagation. 

This section studies the influence of the grass for tags placed above the grass, to 

study the influence of vegetation on multipath and scattering. Four tags were 

placed 1.23 m above the ground, at distances of x = 19/23/27/31 meters from the 
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station antenna. The grass was then mowed progressively, following the process 

already described in section 6.4.2. 

The effect on the phase (Fig. 6-10.a) seemed to follow four steps. First, from 2 m 

to 5 m, the phase decreased almost linearly on the four tags, reaching a minimum 

between −0.08 rad and −0.13 rad. That would correspond to a relative velocity 

decrease of 0.07% to 0.12%, respectively. Second, the phase increased irregularly, 

at an average rate between +36 mrad/m (−0.10%) and +46 mrad/m (−0.13%). 

Then, at about ¾ of the total distance, the phase encountered a maximum peak, 

followed by a decrease. This decrease was sharper on the two tags at a shorter 

distance. Finally, after reaching the tag (marked by a cross), the phase stabilized 

when the grass was cut behind the tag. That confirms the predominance of the 

propagation effect relatively to the near-field effect. The differential phase shift 

when cutting the grass around each tag (the slope of the line that would connect 

the three crosses on Fig. 6-10.a), show a linear phase increase, with a slope equiv-

alent to a 0.11% slowness decrease. 

The overall effect on the phase was unstable, with slope coefficients alternating 

within ±0.1%. The slope was twice smaller in the “direct” propagation within a 

vegetated volume, presented in the previous section. Furthermore, the shape of the 

phase curves were always increasing (or stayed constant in the first 5 m) when 

removing the grass. The alternation of positive and negative effects is typical of 

multipath patterns. A tag placed at a larger distance might possibly exhibit more 

alternation of positive and negative peaks. 
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Fig. 6-10: Variations of (top) phase and (bottom) signal strength when mowing the grass, for tags at four distances 

from the base station. The distance of each tag is indicated by a cross. 

The effect on the signal strength is simpler: the signal strength increases regularly 

until reaching a maximum value of +8 dB to +9.5 dB shortly before removing all 

the grass between the tag and the station antenna. This increase of signal strength 

is as strong, or even slightly stronger, than for the tags placed below the grass. The 

signal strength is usually more sensitive to interferences than the phase. Since no 

strong peak of signal strength appeared in the curve, the variations of phase might 

not have been caused by destructive/constructive interferences. The increase of 

signal strength might be explained by interference patterns that are very broad in 

space, due to the slightly slower waves that would be reflected on the ground. 

However, the consistency of the signal strength variation between tags would sug-

gest another possible cause to this effect. At the incidence angles of 83° to 86° of 

the experiment, and for a soil permittivity of 5−10, the reflexion coefficient in the 
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vertical polarization would be between +0.42 and +0.70 (using equation 5–15). 

Such coefficient would result in a gain of 6−9 dB, respectively, due to constructive 

interferences with nearly null phase shift between the direct and reflected wave. 

The attenuation due to the propagation within the vegetated volume was measured 

between 0.26 dB/m and 0.46 dB/m in the previous experiments. Over 20 m, that 

could attenuate the ground reflected ray by 5−8 dB. Removing the grass could 

then stop the attenuation on the ground and provide a signal strength increase up 

to +8 dB.  

To conclude, this experiment demonstrates that multipath or scattering plays an 

important role in the phase and signal strength results, even when the tags are 

placed above the vegetated volume. The multipath/scattering influence was twice 

smaller (±0.11%) on the phase, compared to effects due to propagation in the vol-

ume (see section 6.4.2). Furthermore, the sign of this influence depends on the 

position of the grass removed. The influence of the multipath/scattering on the 

signal strength is of the same amplitude as the variation observed for the propaga-

tion in the volume. Finally, the influence of the multipath depends on the tag 

position. 

6.56.56.56.5 Discussion on Discussion on Discussion on Discussion on the approximationsthe approximationsthe approximationsthe approximations    

6.5.1 Average permittivity 

The RFID experiments measured a relative slowness increase in the vegetation 

volume of 0.27% when moving a tag vertically in the grass, and 0.22% when mowing 

progressively the grass. The two results are very close. However, using the formulas 

presented in section 6.3 with the grass moisture content and bulk density measured 

by weighting would result in a relative slowness of 0.56%. The results are in the 

same order of magnitude, but the estimation from mass weighting is twice higher. 

That would represent an overestimation of the equivalent in-phase permittivity 

based on density and moisture. Similarly, the RFID experiment measured a loss of 

0.26 dB/m and as 0.46 dB/m, compared to the estimation of 0.67 dB/m from grass 

mass weighting. That would represent an overestimation of the equivalent quadra-

ture permittivity based on the density and moisture data. The discrepancy could 

come from the grass itself, due to a vertical gradient and a rainstorm occurrence. 

It could also come from the formulas used, to compute the bulk grass permittivity 

and mix it linearly with the air. Given all these assumptions and approximations, 

a factor of two between the expected and measured value seems acceptable.  
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A vertical gradient of vegetation density and moisture was observed visually on 

the vegetation, with a higher density and moisture near the ground. On Fig. 6-2, 

for example, the grass below 0.6 m was greener than the grass at 0.6–0.8 m. There-

fore, the wave slowness and attenuation should be more important near to the 

ground, and could be negligible on the top layer with a very parse and dry grass. 

That would correspond very well to the results from the vertical profile, where the 

influence of the vegetation on the phase started only at a height <0.65 m. This 

gradient would result in an overestimation of the equivalent permittivity on the 

top layers, and an underestimation close to the ground. The overestimation is con-

sistent with the experiments, particularly with a ray model for which the direct 

path would never cross the layers very close to the ground. 

A rainstorm occurred between the experiments of the first day (section 6.4.1) and 

the last day (sections 6.3, 6.4.2 and 6.4.3). It may have changed the moisture con-

tent, leading to differences between the results of both sections. 

Water in vegetation has a high ionic conductivity, measured for example around 

on corn leaves (Ulaby and El-rayes, 1987). That results in the conductivity con-

trolling the quadrature permittivity at 868 MHz (see equation (6-1)). However, the 

conductivity of the grass samples had not been measured, and could have differed 

from the average value suggested by Ulaby and El-rayes (1987). That should add 

a strong uncertainty on the estimated attenuation. 

The formula used to compute the bulk grass permittivity has an uncertainty 

measured at ±20% for corn species (Ulaby and El-rayes, 1987), mostly due to the 

usage of a standard dry bulk density of the vegetation, not measured in our study. 

However, this uncertainty was for corn leaves. The formulas were supported by a 

physical mixing theory of dry bulk vegetation material, bounded water and free 

water. The formulas should therefore work on other species than corn, but probably 

with a higher uncertainty. 

Finally, the approximation of linear mixing of air and bulk grass permittivities 

(equation (6-5)) was a first-order approximation, not supported by existing studies. 

Such model should obviously be biased, and increase the error. Furthermore, the 

assumption of a homogeneous medium should also induce bias, particularly due to 

the possible scattering effect resulting from the vegetation heterogeneities. 



Ph.D. thesis, M. Le Breton   Chapter 6—Influence of grass on RFID 

 —Confidential until June 2021— 177 

6.5.2 Limits of the ray model 

The slowness/attenuation estimation was based on a ray propagation approxima-

tion. However, some results from the progressive grass mowing experiment, with 

tags below the snow, showed clear discrepancies with the ray propagation model: 

the vegetated volume was influencing the results even when it was not crossed by 

the direct ray. Indeed, in the literature, vegetation is often considered as a scatterer 

at microwave frequencies, even for thin vegetation at wavelengths >10 cm (Chiu 

and Sarabandi, 2000; Egido et al., 2014; Kim and Zyl, 2009). 

The scattering should also affect a dual ray modeling of the ground-reflected 

interferences. The ray multipath model — previously used successfully for snow 

and to simulate interference in a convex topography (see appendix 2) — was tested 

with this data. However, the modelled results (not shown) could not fit the exper-

imental results. The overall magnitudes were the same in the model as in the ex-

periments (perturbation of ±0.11% due to multipath, that depend on the tag posi-

tion, with positive/negative alternation, and losses variations of up to 10 dB), but 

the discrepancy in the values and their sign was too high. Strong perturbations of 

the model input parameters could lead to correct phase values, but with incorrect 

signal strength values, and vice versa. A full explanation of these results may re-

quire using a different theory than the ray propagation. 

If further models were made, they should probably use theories that fit to multi-

diffusion scenario, such as modeling wave propagation with multiple heterogenei-

ties, or using radiative transfer theory or diffusion theory. Such theories applied for 

example in seismology (Obermann et al., 2013b). In the vegetation, models of scat-

tering propagation have been proposed (Brown and Curry, 1982), by modeling for 

example the leaves with disks (Karam and Fung, 1983) or the vegetation body with 

cylinders (Huang et al., 2017). 

If further experiments were made, they should try to better observe the multipath 

and scattering effects. Firstly, tags should be dispatched tags over wider distances 

to observe potential spatial oscillations of the multipath effects. Then, tags should 

be polarized either horizontally or vertically. Indeed, the vertical shape of the grass 

could result in different effects depending on the polarization. Finally, the depolar-

ization might be measured by installing tags that are polarized perpendicularly to 

the station antenna. 



Ph.D. thesis, M. Le Breton   Chapter 6—Influence of grass on RFID 

 —Confidential until June 2021— 178 

6.66.66.66.6 ConclusionsConclusionsConclusionsConclusions    

This study shows experimental evidence that grass influences the phase and signal 

strength of an RFID system. The strongest influence should be on the direct wave 

crossing the vegetated volume. The attenuation and delay seem linear to the dis-

tance of vegetated volume. Their value estimated theoretically from the grass den-

sity and moisture were close to the values measured with RFID, by a factor 2.5. 

Measuring the dry grass density should better constrain the estimated delay, and 

the water conductivity should constrain the attenuation. An improved second order 

mixing formula should also provide better estimation of the effective slowness and 

attenuation of a vegetated volume.  

Grass would also affect tags placed above the vegetated volume, and direct rays 

that do not cross the vegetation volume. These effects may occur from the combi-

nation of ground multipath and vegetation scattering. A better understanding of 

these effects might require using multi-diffusion models. 

Knowing the effects of grass on direct and indirect propagation could provide an 

indicator of accuracy for displacement tracking applications. For practical RFID 

usage outdoors, the vegetation should be kept lower to avoid problems, if possible. 

Otherwise, tags would be better installed at a height of at least 0.5 m above ground, 

and above the grass. Tags above the vegetation would still be affected by multipath, 

with a low influence on the phase but a strong one on signal strength. The loss of 

RSS due to the grass, of about 8–10 dB, should be taken into account when in-

stalling tags. Finally, these effects could be exploited to lead to new applications. 

For example, the vegetation volume ratio, height, moisture or conductivity, might 

be measured with an RFID system, for precision agriculture applications.
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PART 3 — APPLICATIONS TO LANDSLIDE 

MONITORING 
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7.17.17.17.1 SSSSummaryummaryummaryummary    

Ground deformation monitoring at a local scale requires accuracy, along with 

dense spatio-temporal resolution. Radio-Frequency Identification (RFID) technol-

ogy is proposed as an alternative to classical geodetic methods for monitoring dis-

placements of a landslide. Passive RFID tags allow for a very dense resolution, both 
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in time and space, at the scale of a 100-m-long surface. By deploying 19 passive 

RFID tags on a landslide for 5 months, this study validates the technique by com-

parison with laser total station and wire extensometer data. The accuracy of the 

RFID technique was 1 cm during normal weather and up to 8 cm during snow 

events. The results demonstrate that RFID tag tracking can monitor landslide dis-

placements with multiple sensors at low cost, providing dense spatio-temporal data. 

This technique could potentially be used for other applications such as monitoring 

volcanic activity, buildings, unstable rocks or snow cover. 

Highlight 

• Passive RFID is a new method to monitor surface displacements on a 

landslide. 

• RFID works across vegetation, fog, rain and snowfall. 

• This first prototype allows for a wireless monitoring at a range of 60 m. 

• Displacement accuracy reaches 1 cm in general and 8 cm with a snow 

cover. 

• Low-cost RFID tag network provides data with high spatio-temporal res-

olution. 

7.27.27.27.2 IntroductionIntroductionIntroductionIntroduction    

Ground deformations are monitored at different scales. On a scale of a few hun-

dred meters, a landslide creates surface displacements that vary in both time and 

space. Motion monitoring to understand the landslide mechanism requires the best 

possible spatial and temporal resolution. However, obtaining a high spatial resolu-

tion is expensive at the scale of landslides, owing to either the station or the mul-

tiple measurement points. Large-zone monitoring techniques, such as ground-based 

radar interferometers, laser scanners, robotic total stations and fiber optics 

(Monserrat et al., 2014; Jaboyedoff et al., 2012; Iten et al., 2008) have a high station 

cost (30–100 k€), which restrict their use in standard applications. Similarly, more 

localized techniques such as GPS and extensometers have a cost per point (1–10 

k€) that make them economically inefficient for a spatially-dense network of sensors 

(Gili et al., 2000; Angeli et al., 2000). The development of low-cost single-frequency 

GPS (Benoit et al., 2015) and radio-frequency transponders (Kenney et al., 2009; 

Intrieri et al., 2018a) reduced the cost to 100–1000 € per point, but each instrument 

still requires its own power source, which considerably increases the cost of the 

material, its installation and its maintenance. Satellite Remote sensing techniques 
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are economically efficient but their best current time resolution is 4–6 days (Intrieri 

et al., 2018b; Milillo et al., 2014; Lacroix et al., 2018). Similarly, ground-based 

optical correlation barely exceeds a 1-day resolution (Travelletti et al., 2012) be-

cause of low light at night and other luminance variations. Furthermore, some 

techniques are completely unusable in specific conditions: GPS signal may be 

blocked by steep slopes and high trees, optical techniques may be hindered by fog, 

rain, snow and vegetation, and extensometers may be obstructed by snow, ice or 

animals. In comparison, Radio-Frequency techniques continue to work in the pres-

ence of rain, fog, snow and vegetation, although environmental conditions may 

affect accuracy. Given these facts, Radio-Frequency Identification (RFID) 

(Heidrich et al., 2010) appears to be a viable alternative in terms of cost, spatio-

temporal resolution and weather robustness. 

Billions of passive targets, or tags, are produced by the RFID industry every year 

(Das, 2017) to identify goods remotely, leading to numerous research and business 

applications (Ngai et al., 2008; Tzeng et al., 2008). Tags typically comprise a pas-

sive microcircuit connected to an antenna. They communicate with a station that 

consists of a reader connected to another antenna. This communication relies on a 

continuous radio-frequency wave emitted by the station, this wave powers the tag, 

which then backscatters a modulated wave that encodes its own identification num-

ber, and the station reads this number (EPC Gen2, 2015). Passive tags and stations 

currently cost 0.01–20 € and 2–4 k€, respectively, and the reader can identify 30 

to 800 tags per second (EPC Gen2, 2015; Klair et al., 2010). These advantages have 

already been exploited in RFID applications in earth-science research, such as to 

sense soil moisture levels or vibrations (Pichorim et al., 2018; Jayawardana et al., 

2016), measure crack openings (Cazeca et al., 2013; Caizzone and DiGiampaolo, 

2015), or trace alluvial and coastal sediment (Lamarre et al., 2005; Nichols, 2004). 

However, continuous displacement monitoring with RFID remains untested out-

doors.  

Several methods have been developed to locate passive tags (Miesen et al., 2011). 

These methods usually estimate the 1D range or displacement between a tag and 

a station antenna, and optionally locate the tag in 2D or 3D using multiple station 

antennas. These ranging techniques can use the Received Signal Strength (RSS) 

(Griffin and Durgin, 2009; Ni et al., 2003), the Phase Difference of Arrival (Vossiek 

and Gulden, 2008; Nikitin et al., 2010) or more recently the Time of Flight (ToF) 

(Arnitz et al., 2010; Arthaber et al., 2015). Currently, phase-based methods are 
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compatible with commercial readers and offer the best accuracy. Several studies 

used the phase to localize tags with an accuracy of one centimeter or less 

(Scherhäufl et al., 2015; Wang et al., 2016; Zhou and Griffin, 2012)(Akbar et al., 

2015a; Miesen et al., 2013a; Scherhäufl et al., 2015; Wang et al., 2016; Zhou and 

Griffin, 2012) 

  However, these experiments were of short duration (<1 h), over a short range 

(<10 m) and were performed indoors. When these techniques are used outdoors, 

environmental fluctuations could affect their accuracy. A previous study showed 

that moisture and temperature variations could create a phase drift of up to 20 cm 

over a year (Le Breton et al., 2017a). Corrections were proposed, which reduced 

that drift to <2 cm per year, with a temporary reversible error of 7 mm induced 

by rain. However, the short tag-station distance (6 m) limited the effect of multi-

path propagation in that study. The effect of multipath propagation may be in-

creased at long range and outdoors and passive RFID has never yet been studied 

in these conditions.  

Hectometer-range outdoor radio-frequency ranging has nevertheless been assessed 

on landslides using active transponders. The ranging techniques were based either 

on RSS, ToF or Phase, with displacement accuracies of 100, 5 and 1 cm, respec-

tively (Lucianaz et al., 2015; Intrieri et al., 2018a; Kenney et al., 2009). Since these 

techniques use the same physical principles as passive techniques, phase-based 

RFID ranging is also expected to have a displacement accuracy of 1 cm outdoors. 

As to the maximal range attainable, manufacturers claim ranges of up to 60 m for 

passive tags (Confidex, 2014); this range may be sufficient for the goals of this 

study. 

The previous studies then suggest that a dense network of passive RFID tags 

could be deployed on hectometer-scale landslides at low cost, to monitor 1D radial 

displacements with an accuracy of 1–2 cm in a variety of meteorological conditions. 

To test the performance of RFID, for five months, we monitored the displacements 

of 19 tags placed 5 m apart on a medium-sized landslide (Pont-Bourquin, Switzer-

land) and compared the results to those obtained with total station and extensom-

eter data. We provide an example application that benefit from the RFID tech-

nique, studying the relation between the rainfall and the velocity of this landslide, 

and finally discuss the advantages and limitations of RFID displacement monitor-

ing. 
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7.37.37.37.3 Material and MethodsMaterial and MethodsMaterial and MethodsMaterial and Methods    

7.3.1 Experimental site: Pont-Bourquin landslide 

The Pont-Bourquin landslide lies in the Swiss Pre-Alps, 50 km southeast of Lau-

sanne (Fig. 7-1.a). The landslide crosses a complex geological zone composed of 

Triassic to Jurassic sediments, including gypsum, cargneule, shale siltstones and 

black shales, separated by tectonic thrusts (Badoux et al., 1990). Quaternary mo-

raines partially cover the slope. The landslide material thus mixes all these sedi-

ments, with a dominant proportion of clay produced by degradation of black shale. 

The landslide is about 240 m long, 30 m large (Fig. 7-1.b) and 10 m deep (Ja-

boyedoff et al., 2009). Its average slope is around 25° facing south. The total land-

slide volume is approximately 40,000 m3, which includes an active part of around 

11,000 m3. The landslide mostly moves translationally, with a slight rotation at its 

top. Orthophotos from 1995, 1997 and 2004 revealed continuous degradation due 

to slope movements and erosion in the landslide area. In 2006, a scarp of 0.8 m was 

observed at the top of the landslide. On 5 July 2007 a sudden earthflow of around 

3000 to 6000 m3 occurred after 95 mm of rain fell over a 3-day period (Jaboyedoff 

et al., 2009). In subsequent years, the landslide permanently moved by a few meters 

per year, before suddenly accelerating its descent in summer 2010 leading to a 

mudflow of a few thousand cubic meters that blocked the road downslope on 19 

August 2010 (Mainsant et al., 2012b). Due to its continuous activity, this landslide 

appears to be a good candidate to test the RFID technique over several months.  
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. (a) Pont-Bourquin landslide location in Switzerland (46.3518N, 7.1780E), (b) general aerial view of the Pont-Bourquin landslide, (c) 

zoom on the zone where instruments were placed (black rectangle in b), showing the tags and the RFID station, and (d) photograph showing 

tags No. 10 and No. 2 installed on the landslide, and the station which is placed on a stable zone. 
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7.3.2 Monitoring instruments  

On 3 July 2017, the Pont-Bourquin landslide was equipped with the RFID ma-

terial proposed previously by Le Breton et al., (2017) that reduces the influence of 

water and temperature on the phase. The acquisition system was composed of a 

stable station, 19 moving tags, and a remote server. The station was installed on a 

tree 3 m above the landslide’s surface and comprised a reader, an antenna and a 

computer (SR420 from Impinj and model 80010643 from Kathrein). It typically 

required 20 W power under continuous operations, which was provided through the 

Swiss power grid. The station collected about 20 MB of data per day by measuring 

the phase difference of arrival and the temperature on 30 tags per second, using a 

randomized tag interrogation order (EPC Gen2, 2015). This corresponds to the 

slowest and most accurate mode of interrogation available on the reader (Dense 

M8). The reader was chosen because it provided the most precise phase measure-

ments and the best sensitivity (and therefore reading range) and is well adapted 

for use with slow-moving objects. The phase-shift measured was limited within the 

range [0, π] (Miesen et al., 2013b). The tags were installed on 0.9-m-high fiber-glass 

stakes that were planted in the unstable slope (Fig. 7-1.d). The tags were elevated 

above the ground because preliminary tests indicated that placing tags near the 

ground considerably reduced the RSS, down to –30 dB at ground-level. These tags 

were placed within the zone covered by the RFID antenna, which measured ap-

proximately 40×10 m (Fig. 7-1.b-c), and remained within the line-of-sight of the 

station antenna during the experiment. The tags (Survivor B, from Confidex) com-

prised a solid plastic casing (155 × 26 × 14 mm) protecting a patch antenna 

(+0.6 dBi effective gain and ± 65 °E / ± 80 °H beam-width at 3 dB) and a battery-

assisted microcircuit (EM4325 from EM Microelectronic). While assisted by a tiny 

button cell to boost their reading range, the tags remain passive: they backscatter 

the reader carrier wave without amplification, and the exactly same technique 

works with batteryless tag. In term of lifetime, the tag’s battery may last 5 to 20 

years under continuous reading, given the cell of 290 mAh and the typical micro-

circuit current of 1.7–6 µA (EM 4325 Spec., 2015). This lifetime may be shortened 

by battery aging and by the extra temperature measurements, but still last several 

years according to the tag manufacturer (Confidex, 2014) and to our own experi-

ence. 

To validate the RFID measurements, we installed a wire extensometer (ASM 

WS17KT) between a metallic stake (0.5-m-high, 0.7-m-deep and 1 m away from 
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tag No. 10) and the bottom of the station antenna. We extended the original 2.5-

m Invar wire with a 20-m Kevlar wire. An acquisition card (Campbell CR1000) 

measured the length of the extensometer wire every minute, representing a radial 

displacement along the line of sight of the antenna. During processing, the displace-

ment from both the extensometer and the RFID was averaged every hour. 

We also measured the 3D coordinates of the tags and base station on 27 July and 

6 October using two manual total station surveys (Leica TCR805), to compute the 

1D tag-station radial distance and its difference between the two surveys. The po-

sitions of the extensometer and tags No. 10 and 11 were measured using a fixed 

reflector, with an accuracy of ± 5 mm. For the other tags, the manual positioning 

of the prism resulted in lower accuracy, estimated at ± 2 cm. Hence, the accuracy 

of the relative displacement between two total station surveys was ± 1 cm for tags 

No. 10 and 11, and ± 4 cm for the other tags. 

Finally, we used data provided by MétéoSuisse related to fresh snow height and 

total snow height (measured daily at 6 am at Diablerets village, 1 km away), pre-

cipitations, humidity, air temperature (every 10 min at Col des Mosses, 6 km away) 

and pressure (every 10 min at Les Diablerets). 

7.3.3 RFID ranging methods 

This study first compares two absolute ranging techniques (FD-Phase and RSS) 

with a relative displacement technique (TD-Phase). Firstly, the relative radial dis-

placement of a backscattering tag can be computed in free space using the Time-

Domain Phase Difference of Arrival technique (TD-Phase) (Nikitin et al., 2010), as 

presented in Fig. 7-8, with 

 
air4

v
r

f
δ δϕ

π
= −

 
(7-1)

where 

φair  phase-shift resulting from propagation through air; 

r  distance between the station and the tag; 

v   RF wave velocity in the medium (≈ 2.998×108 m/s); 

f   carrier frequency (= 865.7, 866.3, 866.9 or 867.5 MHz as defined by 

ETSI-EN 302-208 (2016)). 
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In this application, the reader measures the phase difference of arrival between 

[0, π] modulo π. Using Eq. (7-1), this phase interval is equivalent to a distance of 

8.6 cm, or ± 4.3 cm. Larger displacements are ambiguous to measure directly and 

require phase unwrapping, by adding or subtracting 8.6 cm when the difference 

between two consecutive measurements exceeds ± 4.3 cm.  

 

Secondly, the absolute distance r can be computed by measuring the phase at 

different frequencies, based on the Frequency-Domain Phase Difference of Arrival 

(FD-Phase) technique (Nikitin et al., 2010) : 

 
04

air v
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f

δϕ

δ π
= −

 
(7-2)

where  

airδϕ  phase difference resulting from the change in carrier frequency; 

fδ   difference in frequency between two carrier frequencies (0.6 MHz); 

0r   offset due to wave propagation in cables and instruments (11 m). 

The resulting distance r was computed for each of the three available frequency 

intervals and averaged. As long as tags are placed at ≤125 m (minus 0r ) away from 

the station antenna, this technique provides an absolute distance without ambigu-

ity. The unique offset 0r used on all the tags was initially calibrated from tag No. 10 

as 11 m, for which the range to the station (22 m) was measured using the total 

station on July 27.  

Schematic representation of how tag displacement is tracked by a 

static station. The phase variation measures the radial displacement ddddrrrr 

between two acquisitions. 
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Thirdly, the absolute distance r can be estimated from the attenuation of the 

received power (RSS) over a two-ways propagation (Griffin and Durgin, 2009). As 

the RSS depends on the station and tag gain, their relative orientation, and the 

environmental conditions (Dobkin and Weigand, 2005), it requires calibration based 

on reference tags placed at a known distance (Ni et al., 2003). We computed one 

virtual reference tag, from the average RSS and total station distances of all the 

tags over the first month. The absolute range ir  of tag i  can then be estimated by 

comparing its received power P to that of the reference tag, using:  

 
i ref ref i

4r r P P≈
 

(7-3)

These three absolute and relative ranging techniques are compared in section 3.1. 

The remainder of the article then focuses solely on the TD-Phase relative displace-

ment measurements. 

7.47.47.47.4 Results Results Results Results     

7.4.1 Performance of the different RFID ranging techniques 

The absolute distance covered by each tag was computed from the Frequency-

Domain Phase (using (7-2)) and the RSS (using (7-3)) and compared to the total 

station laser measurements (Fig. 7-3). The range values were computed every hour 

and averaged over a 5-month period. The vertical bars represent the drift over this 

whole period, based on the 90% confidence interval. The curve shows that the RSS-

based ranging measurements follow an increasing trend with distance from the sta-

tion, but that some strong outliers are found, as are large drifts of up to ± 15 m. 

These datapoints were due to the strong impact of uncontrolled parameters: envi-

ronmental variations, antenna orientation and ground reflection interference. 

Therefore, the RSS method cannot be considered reliable. In contrast, the distances 

obtained with the FD-Phase method gave a good fit with the distances measured 

with the total station, with a maximum drift of ± 2 m. This level of error is still 

too high for our monitoring purposes, but it can be reduced by using relative dis-

placement techniques. 
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The relative displacements of tag No. 10 over time, computed from variations in 

FD-Phase, RSS, and TD-Phase are compared in Fig. 7-4, along with the total sta-

tion measurements. The FD-Phase and RSS show significant variations over time, 

which can be up to 4 m. The drift appear with the same amplitude for FD-Phase 

and RSS techniques, but that is specific to the tag n°10 (the second smallest dis-

tance on Fig. 7-3), as in general the drift is higher using the RSS method as 

osbserved on last paragraph. In contrast, the TD-Phase measurement appears much 

more stable and accurate than the RSS and FD-Phase ranging techniques when 

monitoring relative displacements. Indeed, the relative displacement is more sensi-

tive to phase or frequency errors in Eq. (7-2) (FD-Phase) compared when applying 

(7-1) (TD-Phase) for two reasons: the FD-Phase is differential across frequencies 

and it estimates an absolute distance. Indeed, the difference between two frequen-

cies < 1.8 MHz represents only 0.2% of the frequency, which magnifies phase and 

frequency errors. Then, the absolute ranging is more sensitive to a relative phase 

error ( )ε δϕ δϕ= ∆  : the resulting displacement error would be rε× (r=20–

60 m) and 
2
λε×  (

2
λ =0.17 m) using FD and TD-Phase respectively, leading to 100–

300 times more accurate displacements using the TD-Phase technique. The TD-

Phase results appear coherent with those provided by the total station, and are 

 
. Comparison of the radial distances between the tags and the station antenna estimated by 

RFID ranging techniques (RSS and FD-Phase) with this same distance measured by a manual total 

station, for the 19 tags deployed. The vertical bars represent the amplitude of the drift over the 5-

month period, and the width of the 1:1 ratio line represents the true displacement over 5 months. 

The centimeter-scale total station error is negligible, and was therefore not represented. 
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validated in more detail in the next section by comparison with standard ranging 

techniques. 

 

7.4.2 Validation of the TD-Phase RFID technique 

The TD-Phase displacements are compared with the automatic wire extensome-

ter measurements over 4 months and with the two manual total station surveys 

(Fig. 7-5). The tag studied (No. 10) was installed next to the extensometer stake. 

The RFID curve appears to match the extensometer data although a slight discrep-

ancy appeared in September, which progressively increased to around 5 cm differ-

ence at the end of the observation period. The total station data showed that this 

discrepancy was caused by a true differential displacement between the tag and the 

extensometer, which were installed on separate stakes. Another difference was that 

the wire extensometer curve was noisier and exhibited several strong spikes from 

mid-October, which appear to be linked to snowfall (Fig. 7-5b): snow accumulation 

bent the wire down, pulling the cable along by several decimeters, such as on Oc-

tober 20. This extra length remained until snowmelt or until the cable was manually 

dug out from under the snow. RFID tracking thus provided better continuity and 

accuracy over time than the wire extensometer. In particular, the error due to 

snowfall was smaller and restricted in time to the precipitation episode. 

 
Relative radial displacement between RFID tag No. 10 and the station antenna over a 5-

h period, using the Received Signal Strength (RSS), the Frequency-Domain Phase Difference 

of Arrival (FD-Phase) and the Time-Domain Phase Difference of Arrival (TD-Phase) techniques, 

compared to the radial displacement computed from total station measurements. The darker lines 

for RSS and FD-Phase represent a 24-h moving averaged.  
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The landslide velocity computed from the RFID (tag No. 10) and the extensom-

eter data are shown in Fig. 7-6.a-b. Each velocity was derived from the displace-

ment, after the application of a low-pass filter (1-day moving average) to reduce 

the cyclic daily drift. The RFID velocity curve appears more stable than the exten-

someter velocity curve. Indeed, rain and snow-fall (Fig. 7-6.c-d) created numerous 

positive and negative peaks on the extensometer velocity curve. That resulted from 

the additional water or snow weight that temporarily increased curvature in the 

wire. In comparison, the RFID velocity curve shows almost no perturbation due to 

rain and the artifact caused by snow was much smaller (± 1 cm/day). 

 

5. (a) Cumulative radial displacement measured over 4 months on the Pont-Bourquin 

landslide, using a wire extensometer, the phase of RFID tag No. 10, and a manual laser total 

station. (b) Total snow height. The snow considerably perturb the wire extensometer 

measurements. 
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To illustrate its capacity to monitor multiple tags, the RFID cumulative displace-

ment (Fig. 7-7) and the velocity for all tags (Fig. 7-8) were plotted over the 5-month 

period. The cumulated displacement ranged between 0.69 and 0.94 m (extremes 

measured for tags No. 12 and No. 7, respectively). The shape of the displacement 

curves was similar on all tags, suggesting that the zone studied moved in the same 

way during the observation period. Locally, some displacement measurements may 

have been affected by a rotational motion of the stick, observed from pictures as 

± 7° during the 5-month period. Such motion of the stick would cause a ± 12 cm 

displacement of the tags, which is the same magnitude as the motion discrepancy 

between tags. However, the similarity between all the curves indicates that this 

effect was progressive and smaller than the ground displacement. The velocity for 

all tags is shown in Fig. 7-8. The curves were ordered according to a noise indicator, 

computed as the standard deviation of the detrended total displacement, with ad-

ditional weight for the heavy rainfall recorded between September 30 and October 

3. As a result of this ordering, the more accurate curves are placed at the bottom 

of the figure. Each tag measured the true displacement of the landslide surface, 

added to an instrumental artifact due to rain. The amplitude of this rain artifact 

was quite distinct from one tag to another (e.g. between September 30 and October 

3) and results in heterogeneous accuracies. 

 

. Comparison of radial velocities between (a) RFID tag n°10 and (b) extensometer after filtering for daily 

variations. (c) Rainfall and (d) fresh snowfall are also shown.  
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-7. Radial displacement curves for all tags over 5 months. The curves are ordered based on their 

cumulative displacement using a vertical offset to facilitate vizualization. The inset indicates the snow height. 

 
7-8. Radial velocity curves for all tags, ranked by decreasing noise levels from top to bottom.  
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7.4.3 Precision, trueness and robustness of the TD-Phase technique 

To determine the validity limits of the RFID TD-Phase technique, we tried to 

quantify its precision, trueness and robustness from the 5-month experiment. The 

accuracy indicators are computed from the experimental data and summarized in 

Table 7-1 for precision and trueness, and Table 7-2 for robustness. The accuracy is 

then given by the combination of the precision and the trueness. 

Precision 

The precision is given by the random measurement error estimated from the 

phase standard deviation over one minute, a timespan that is short enough to allow 

systematic error due to meteorological variations to be neglected. This random 

measurement error was then plotted against the RSS (Fig. 7-9). The random meas-

urement error appears to obey the relation /r Pσ α=  with the received power 

P, using a reader-dependent coefficient α=9.5×10-9 m·W1/2. The curve obtained is 

coherent to the phase signal-to-noise ratio observed by Vossiek and Gulden (2008) 

that depends on the distance. On a single measurement, our random measurement 

error 3σ represents 0.1 to 1.3 cm (Fig. 7-9), for a received power of 10-8.3 to 10-6 mW. 

This random error can be statistically decreased to 0.01–0.17 cm by averaging 60 

measurements over one minute, it thus becomes negligible compared to the system-

atic measurement error presented below.  

 

 

 

. Random measurement error represented as the standard deviation σr computed every minute for 

each tag, plotted against the received power P, on a logarithmic scale. The curve shows a clear linear 

relation between √� and σr. 
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Trueness 

The trueness is given by the systematic measurement error, estimated as the bias 

between the true value and the mean of the measured values. It includes the drift 

over time (days to months) and the inaccuracy over spatial displacements. Table 

7-1 shows the displacement accuracy computed from the difference between the 

RFID technique and the total station surveys used as reference measurements. The 

average displacement measured for all tags by both methods differed by only 6 mm. 

Hence, the displacement of all the RFID tags appears coherent and, on average, 

unbiased compared to the total station data. However, the results are spread sta-

tistically over ± 53 mm within the 99.7% confidence interval. This spread mostly 

corresponds to the error when placing the optical reflector on the tags for the man-

ual total station surveys: we have estimated this survey error to be ± 40 mm for 

most of the tags. The tags No. 10 and 11 were installed on a single stick, which 

improved the estimated survey error to ± 10 mm. For these two tags, the difference 

compared to the RFID measurements remained below 0.5 mm, which, given the 

small number of samples, corresponds to a potential error of ± 10 mm within the 

99.7% confidence interval. In fact, the reference technique – manual total station – 

Table 7-1: Trueness and precision of the RIFD technique 

 Number of 

samples 

Deviation 

99.7% confidence(a) (cm) 

Radial Trueness    

Versus total station – all tags 19 5.3 (centered on 0.6) 

           tags No. 10&11 only(b) 2 1.0 (centered on –0.05) 

Versus 24h-smoothed data 60,000 1.1 

During the first snowfall(c) 19 8.0 

Radial Precision   

            of a single reading(d) 7x107 0.1–1.3 

            over one minute 4x106 0.01–0.17 

 

(a) The 99.7% confidence interval was computed from the Student law when there 

were ≤2000 samples and directly from the equivalent quantile when there were ≥60,000 sam-

ples. The distributions were verified to ensure they were close to a normal law. 

(b) Total station surveys were more accurate for tags No. 10 & 11, and their fixation on a 

single sealed stick was more stable. 

(c) The first snow fell between October 21, 18:00 and October 24, midnight, when tags 

showed a strong measurement bias. This was the worst bias accuracy observed. 

(d) The precision of a single reading was linear with the signal amplitude, and followed the 

law / P
ϕ
σ α=  , with α=1×10-8 m·W1/2 
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appears as or less accurate than the RFID method that is tested, and thus another 

method is required to assess the trueness.  

The systematic measurement error with RFID is mostly due to environmental 

variations such as temperature, humidity and moisture, which vary over the course 

of a day (Le Breton et al., 2017a). To estimate this systematic measurement error, 

we computed the RFID residual displacement amplitude after removing the 1-day-

moving-averaged trend. These calculations showed a daily drift of ≤11 mm 99.7% 

of the time. Finally, the worst errors were observed during the first snowfall (see 

photo in Fig. 7-11), which triggered reversible displacement peaks of up to 79 mm, 

either positive or negative. 

Hence, we estimate the trueness of this RFID method to be approximately 1 cm 

on a real landslide application under mixed meteorological conditions (dry, rain, 

snow), except for the first snowfall which appeared to limit the trueness to about 

8 cm. Because the systematic error is much larger than the random one after aver-

aging, we consider that this trueness also represent the total accuracy. 

 

The measurement error could be partly related to the tag-station distance. To 

verify this relation, the standard deviation was plotted against the distance (Fig. 

7-10). This analysis shows that the systematic measurement error tends to increase 

the measured distance by about 50 ppm, or 150 ppm for 3σ. This trend could be 

related to the following distance-dependent effects: Firstly, the atmospheric condi-

tions influence on wave velocity (Gage and Balsley, 1980) could induce a ± 3.4 ppm 

 

. Standard deviation of the 1-hour resampled RFID displacement after trend removal, 

plotted against the tag radial distance, for each tag. The deviation tends to increase with 

distance, at a rate of about 50 ppm. 
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standard deviation (after detrending), computed from meteorological data. Sec-

ondly, the reader frequency instability could result in variations of ± 10 ppm, in 

line with the regulations (EPC Gen2, 2015). Thirdly, the amount of vegetation 

crossed by ground-reflected waves will increase with the distance, and its properties 

(such as height or water content) may vary over time and affect the overall signal 

(Kim et al., 2012). Fourthly, the greater the distance between the tag and the 

station, the more opportunities for multipathing due to the topography, and there-

fore potentially the greater the systematic error due to multipathing. 

 

Robustness 

The robustness can be defined as the ratio between the total monitoring time and 

the time when the RFID is operational. This is an important indicator for opera-

tional monitoring. Failure to identify the tags disqualifies the monitoring. Table 

7-2 shows the availability ratio for each tag over the observation period; 14 out of 

19 tags were available 97.5% of the time. The 2.5% unavailability was the result of 

software and network errors on the station. The availability of the other tags ranged 

from 96 to 55%. Snowfall clearly affected communication with tags No. 16 and 20. 

For other tags, the RSS was close to the limit of reader sensitivity (–83 dBm) due 

to either their distance (No. 12 and No. 14) or their angle relative to the station’s 

antenna (No. 17). Signal strength may have been reduced by destructive multipath 

interference at a specific tag position, and increased again once the tag moved 

forward. 

11. Photo illustrating the two main sources of inacurracies in this experiment  the snow 

(particularly the first snowfall) and the angle of the tag supports, which created a temporary error of 

cm (3σ) at the end of October and a slow drift roughly estimated at up to 5 cm per month, 

respectively. Apart from those two specific problems, the accuracy remained below 1.1 cm (3σ). 



Ph.D. thesis, M. Le Breton  Chapter 7—Monitoring landslide displacement with RFID 

 —Confidential until June 2021— 201 

 

7.57.57.57.5 Advantages and limitations Advantages and limitations Advantages and limitations Advantages and limitations     

The assessment of RFID relative ranging on a landslide has shed light on its 

advantages and limitations, which will help guide future monitoring applications.  

The major advantage identified in this study is that RFID works at night and 

under all meteorological conditions. Indeed, radio-frequency waves are known to 

propagate in rain, fog, snow (Monserrat et al., 2014) and vegetation (Intrieri et al., 

2018a). Passive RFID in particular has been tested without line-of-sight (Wang and 

Katabi, 2013), outdoors (Le Breton et al., 2017a) and with snow on the tags (Num-

mela et al., 2008). This real-world test confirms that RFID adapts very well to 

natural outdoor areas despite periods of fog and precipitation, although minor ac-

curacy and readability degradations were noted in the presence of snow. This deg-

radation may be due to detuning effects in the vicinity of the tag and station an-

tenna (Dobkin and Weigand, 2005) and to changes in the propagation paths (Kim 

et al., 2012) due to snow (Larson et al., 2009) or vegetation (Kim et al., 2012). 

Displacement accuracy outdoors was found to be ± 1 cm with vegetation, precipi-

tations, fog or frost, and in rare cases ± 8 cm after snowfall. The technique is thus 

well adapted for outdoor applications to measure displacements ranging from 1 cm 

to several meters. 

The second advantage of RFID is its low cost, allowing displacements to be meas-

ured with a high spatio-temporal resolution. Current prices are about 20 € per tag 

and 4 k€ per station. Moreover, the instruments were found to be robust and reli-

able, requiring little maintenance during the experiment (zero maintenance on the 

tags, three reboot of the station operated remotely, and one replacement of network 

cables degraded by animals) and providing a data completeness rate of 97% over 

five months for most tags. Because of their low cost, a large number of tags can be 

Table 7-2: Overall Measurement Availability 

Tags Availability(a) Major cause of problems 

74% of the tags 97–98% Software/network errors 

No.20 96% Snowfall of 29 Nov.  

No.16 87% Snowfall 

No.12 82% Large distance + interferences 

No.17 55% Station antenna directivity + interferences  

No.14 55% Largest distance 
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deployed on landslides, providing a high spatial resolution to delineate and charac-

terize moving zones. From a technical point of view, unique tag identifiers and anti-

collision algorithms make simultaneous reading of hundreds of densely stacked tags 

possible (Caizzone and Marrocco, 2011) at a rate of up to 800 tags per second (EPC 

Gen2, 2015; Klair et al., 2010). This capacity results in a high spatio-temporal 

resolution with lightweight time series that are easy to transmit and process almost 

in real-time. Because of these characteristics, the method could easily be incorpo-

rated in an early-warning-system (Intrieri et al., 2012b) and appears to be well 

suited for low-cost, dense monitoring applications in high-risk environments such 

as landslides where devices may be destroyed.  

The final advantage is the continuous development of tags to become multi-pa-

rameter sensors (Zhang et al., 2017). In this study, the tags were equipped with a 

temperature sensor that we used for phase calibration. Recently, other sensors have 

been incorporated into tags, to gather data related to tilt (Lai et al., 2018), soil 

moisture content (Aroca et al., 2018; Pichorim et al., 2018) and vibrations (Jaya-

wardana et al., 2016). All these parameters could be of interest when monitoring 

landsides, opening new perspectives in dense sensing.  

As for the limitations, the first one on landslides is currently the tag’s reading 

range, which was limited to 60 m in this application. However, this limit (Nikitin 

and Rao, 2008) should rapidly evolve with the development of ultra-sensitive tags 

(Amato et al., 2018; Durgin, 2016) and directive tag antennas (Kim and Yeo, 2012). 

Therefore, a range of a few hundred meters seems to be an achievable goal in the 

near future. This is a critical limit, which would restrict the method today to small 

landslides. On medium to large landslides (200m to kms), only the zone situated 

near the landslide boundaries (to install a stable base station) could be monitored, 

which would diminish the ability to retrieve the spatial heterogeneity of the dis-

placement. New developments to increase the reading range are then critical to be 

able to use the RFID method over the majority of landslides. 

Secondly, the measurement is limited to 1D radial displacement. Measuring a 2D 

or 3D translational displacement field is technically possible, but would require 

additional antennas and may alter measurement accuracy (Scherhäufl et al., 2015; 

Wang et al., 2016). Furthermore, it is not enough to measure a purely translational 

displacement, as a progressive tilt of the tag’s supporting stick can create a discrep-

ancy between the ground and tag displacements that must be accounted for. This 
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tilt could be measured in real-time by joining multiple tags (Lai et al., 2018) and 

corrected in the next future.  

Finally, the displacements measured are affected by an ambiguity of 8.6 cm that 

originates from phase difference measurements. To address this problem will require 

first a high time resolution without missing data to avoid differential displacements 

exceeding this ambiguity, and second an unwrapping of the phase (Zuo et al., 2016). 

Unwrapping noisy or incomplete data produced by a tag could be guided by nearby 

high-quality data if a large number of tags are deployed, or by a previously defined 

rain-based model such as that presented in the application section. 

7.67.67.67.6 ConclusionsConclusionsConclusionsConclusions    

RFID displacement tracking appears effective for monitoring surface defor-

mations on a landslide, with unpreceded spatio-temporal sampling, at a signifi-

cantly lower cost than GPS or ground-based radar and with an overall 1-cm accu-

racy within a range of 60 m including a distance-dependent error of around 

150 ppm. 

In the future, the technique could be enhanced by monitoring displacements in 

3D, increasing the reading range, correcting for tilt of the tag support, and assessing 

performance in the presence of obstacles (e.g. snow, vegetation, rocks or concrete). 

New environmental applications could be developed by exploiting sensor tags (e.g. 

temperature, tilt, soil moisture or vibrations), developing a real-time surveillance 

system that exploits the rapid time sampling (3–30 ms), measuring very fast dis-

placements, and testing new outdoor applications (e.g. volcanoes, civil infrastruc-

ture, rocks, snow or vegetation). Finally, the fast pace of technological develop-

ments in RFID should lead to considerable improvements to the technique in the 

near future. 
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Chapter 8  

Impulse response from rainfall to displacement 
The section 8.3 of this chapter is the “application” section of the published article 
presented in the previous chapter: Le Breton, M., Baillet, L., Larose, E., Rey, E., 
Benech, P., Jongmans, D., Guyoton, F., Jaboyedoff, M., 2019. Passive radio-fre-
quency identification ranging, a dense and weather-robust technique for landslide 
displacement monitoring. Engineering Geology 250, 1–10. 
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8.18.18.18.1 SSSSummaryummaryummaryummary    

This chapter introduces a method to observe the relation between rainfall and 

landslide displacements, using a statistical impulse response inversion. The method 

provides a sharper response function than cross-correlation analysis or than the 

inversion of infiltration-based mathematical functions. The impulse response shape 

and lag time computed at different periods on the Pont-Bourquin landslide, suggest 

that: 
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1) The landslide response to rain alternates between a stable and transient state. 

The landslide moves after a rainfall event in both state, but with a different 

behavior. 

2) The switch to the transient state may be caused by rainfall accumulation. 

3) In the stable state, the highest displacement rate caused by rainfall would 

appear after a lag of 1 day, and a rainfall episode would diminish the apparent 

seismic velocity (at 8-12 Hz) by less than 2% for just a few days. 

4) In the transient state, the highest displacement rate caused by rainfall would 

appear after a lag of 2–3 days, with a broader response in time, and would be 

accompanied by a strong drop of apparent seismic velocity (>2%) at 8-12Hz 

that would require a few weeks to return to its former value. The lag of 2–3 

days observed in the impulse response could also be caused artificially by the 

change of state of the landslide. 

These hypotheses appear consistent with various displacement sensors (several 

RFID tags and one extensometer) and various observations (displacements and 

seismic velocity variations). The activation of the transient state is observed sea-

sonally, in August. The hypotheses are consistent with 2012, 2014 and 2017 data. 

The two peaks of impulse response could represent a true lag, caused by two dif-

ferent water infiltration paths or by a reaction of the landslide that would depend 

on depth. Those two peaks may also be induced by the inversion process, to fit to 

the transition from stable to transient state between two consecutive rainfall events. 

Such change of state could be caused by rainfall accumulation. The impulse re-

sponse provides a new method to interpret the processes of a slow-moving landslide 

that is reactivated by rainfall. It requires only displacement and rainfall data which 

are very common measurements. However it needs a high enough accuracy and 

time resolution. The evolution of the impulse response across time could represent 

a landslide change of state, which could be a precursor to a non-linear rupture. 

8.28.28.28.2 IntroductionIntroductionIntroductionIntroduction    

From Rainfall to displacement 

The displacement of weather-induced landslides are triggered by the infiltration 

of water that follows precipitation episodes (Iverson, 2000). Landslide monitoring 

and early warnings are commonly based on displacement (Intrieri et al., 2019) or 

rainfall data (Guzzetti et al., 2007; Luca and Versace, 2017). 
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Fig. 8-1: Simplified processes of rainfall-induced landslides, and observation methods. 

Rainfall usually causes a displacement through the process described in Fig. 8-1. 

First, an input of water due precipitations starts to infiltrate in the soil. The quan-

tity of infiltrated water is often well represented by rainfall. However, it can be 

altered by evapotranspiration (Bievre et al., 2018), water running on the surface, 

external sources of water, snow melting (Matsuura et al., 2003, 2017), and by soil 

fracturing caused by ground deformation. The water then progressively infiltrates 

the ground, with a delay, leading to an elevation of the groundwater level and pore 

pressure (Iverson, 2000). The displacement of a slow reactivated landslide can be 

nearly linear with the groundwater level (Corominas et al., 2005), as long as no 

failure occurs. The groundwater elevation can cause displacement through an in-

crease of shear stress and a rigidity diminution for clayey material (Carrière et al., 

2018b; Mainsant et al., 2015, 2012a). Therefore, a relation can be extracted between 

the quantity of precipitations and the landslide deformation (excluding failures), 

which includes the infiltration delay. 

In practice, the most common measurement data are the surface displacements 

(Intrieri et al., 2019) and the precipitations. Measuring ground water level and deep 

deformations requires underground sensors, which are rarely easy to use in a land-

slide: Slopes are often difficult to access for a drilling machine, the sensors buried 

in a moving ground are hard to maintain, and multiple sensors are required to catch 

the slope spatial heterogeneity. Geophysical techniques allow for estimating indi-

rectly the variations of rigidity of the underground layers, by measuring the varia-

tions of shear-wave velocity from sensors installed at the surface. That has led to 

precursor signal to fluidization in rheological tests (Carrière et al., 2018a; Mainsant 

et al., 2012a) in controlled slope simulation (Mainsant et al., 2015), and on the field 

(Mainsant et al., 2012b). The resulting displacement can be measured in depth 
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using inclinometers to determine the slip surface depth, but that requires a costly 

drilling and maintenance. For these practical reasons, the precipitations and surface 

displacements are commonly used for landslide monitoring. 

Instead of observing precipitations and displacements separately, this study ob-

serves their empirical relation. This relation is not used for making a predictive 

displacement model—these only manage to model linear displacements, not fail-

ures—but as an observation in its own with the aim to better constrain the under-

lying mechanism. Such observed indicator should represent the complexity of the 

landslide processes, should adapt to its evolution in time, and should be physically 

relevant and interpretable. 

Complex enough 

Each landslide is complex and unique. Its infiltration and displacement processes 

are heterogeneous and specific to each landslide (Guzzetti et al., 2007; Montgomery 

and Dietrich, 1994). Landslide displacements are modeled either with physical, an-

alytical, or statistical models (which are sometimes mixed). Physical models are 

based on general laws of infiltration and mechanics. But these simple laws hardly 

represent the complexity of each landslide, and their parameters must be con-

strained by costly in situ measurements. 

Analytical models are empiric models based on analytical functions. The model 

is obtained by convolving a rainfall input with an analytical impulse response func-

tion (Sirangelo and Versace, 1996; Helmstetter and Garambois, 2010; Belle et al., 

2014) that represent a simple static infiltration process in a homogeneous subsoil. 

The function is usually defined with a simple mathematical formulation (Helmstet-

ter and Garambois, 2010; Capparelli and Versace, 2011; Sirangelo and Versace, 

1996), where a few parameters (1 to 4) are inverted to fit the measured data. 

Making these models more complex was shown to provide more accurate models 

of linear displacements (Belle et al., 2014) and probability of failures (Luca and 

Versace, 2017). The impulse response function was complexified by summing two 

analytical functions to account for rapid and slow infiltration (Belle et al., 2014), 

or by integrating the data from several sensors to account for spatial heterogeneity 

(Lévy et al., 2017). These models could estimate the slow landslide motions from 

rainfall data, but could not predict failures (they provide a probability of failure at 

best). However, simple analytical formulas hardly represent the landslide complex-

ity, and composing custom formulas adapted to each landslide is not appropriate. 
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Statistical models define the transfer function—including its shape—only from 

the data. By avoiding simplified analytical laws, they can better represent the com-

plexity of a landslide response to rainfall. Applications on landslides included neural 

networks (Mayoraz and Vulliet, 2002) and cross-correlation analysis (Belle et al., 

2014; Bièvre et al., 2018; Helmstetter and Garambois, 2010). Provided long enough 

time series, the cross-correlation analysis provides the approximation of an impulse 

response, but not sufficiently accurate to reconstruct a model since it also contains 

the fingerprint of the source term. A true reconstitution of the impulse response 

could be operated with a statistical deconvolution, already used to study the infil-

tration process on stable grounds (Pinault et al., 2001). The deconvolved impulse 

response could adapt well to the complexity of each landslide. In mathematical 

terms, using an impulse response makes the assumption that an output of displace-

ment ( )y t  is related linearly to an input of rainfall ( )x t , through the convolution 

∗  of an impulse response ( )tβ : 

  
max

min

( ) ( ) ( ) ( ) ( )y t x t d t x t
τ

τ
β τ τ τ β= − = ∗∫  (8-1)

The impulse response function ( )tβ  can be firstly estimated by applying a cross-

correlation function ⊻  between the input and output data: 

  
 Dirac ( )

( ) ( ) ( ) ( ( ) ( ))

( ) ( ) ( )

t

x t y t x t t x t

x t x t t

δ

β

β
≠

= ∗

= − ∗ ∗
�����

⊻ ⊻

 (8-2)

However, the results provide an impulse response convolved with a term of input 

autocorrelation ( ) ( )x t x t− ∗ . To find exactly the impulse response, this term should 

equal to a Dirac function ( ( ) 1 for 0,  and 0 otherwiset tδ = = ). In practice, the auto-

correlation has a main peak centered on zero, with an amplitude different to one, 

and with a width that blurs the result. This width depends on the width of the 

correlation time window, compared to the period/frequency observed in the input 

signal. Shorter time windows increase the peak width, which require large datasets 

to provide accurate results. Furthermore, this autocorrelation can display secondary 

peaks related to the periodicity of the input data. The deconvolution techniques 

aim at estimating the impulse response ( )tβ  without this autocorrelation term. 

However, deconvolutions need a regularization to be stable, which can alter the 

results. 
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The timespan of the impulse response τ  is important to consider. It should start 

at min 0τ =  if the relation from the rainfall to the displacement is causal, and finish 

at a maxτ  that is superior to the true lag of the landslide response and inferior to 

the data time window. Furthermore, both methods make the assumption that the 

impulse response is stable within the time window where it is computed, which 

might not be true when using large time windows. 

Dynamic 

Landslides behavior evolves in time, depending on environmental parameters such 

as the temperature and water level, and depending on its deformation. However, 

the behavior of the landslide was considered stationary in most of the studies pre-

viously cited. Only a few studies accounted for its evolution, by optimizing the 

parameters of the response to a moving window of 50 days (Abellán et al., 2015) to 

100 days (Bernardie et al., 2015). This adaptation improved the predictive displace-

ment models in the case of slow landslide evolution. However, these do not adapt 

to rapid evolution of the landslide prior to a failure. In fact, on the shallow landslide 

of Super-Sauze, a slowly adaptative model (Bernardie et al., 2015) could not directly 

predict the failure. Yet, a reliable precursor to failure was obtained from the error 

between the modeled and the measured displacement, which indicated a rapid and 

non-linear landslide evolution. The present study suggests instead to catch the rapid 

evolution of the landslide behavior within the impulse response. That would require 

to use a statistical impulse response, to compute it over a moving window, and to 

reduce the size of the moving window to be more reactive. 

Understandable and meaningful 

Finally, the provided indicator should be physically relevant and interpretable. 

The cross-correlation of water input with the displacement rate —used on a slow 

landslide (Belle et al., 2014; Bièvre et al., 2018) and on a rockslide (Helmstetter 

and Garambois, 2010)— provides a good signature of the landslide complexity. 

However it introduces a term of autocorrelation (see equation (2-2)) which smoothes 

the response and may include secondary peaks due to the periodicity of the input 

that do not represent the landslide response. On the contrary, black-box neural 

network can in-fine represent physically meaningful results, but with transfer func-

tions that are hard to interpret. The deconvolution of an impulse response should 

provide results that are both physically meaningful, and interpretable. However, 

results should be interpreted with caution, regarding the effect of regularization 
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and the assumptions of linear and stable landslide behavior within the observed 

timespan. 

Proposition of this study 

This study introduces an indicator of landslide behavior, based on an impulse 

response between displacement rate and rainfall computed with a statistical decon-

volution (Pinault et al., 2001) over a moving window (Abellán et al., 2015; Ber-

nardie et al., 2015). Such indicator should be complex enough to represent a land-

slide behavior, dynamic to adapt to a landslide evolution in time, and physically 

interpretable. It may provide an indicator of the state of instability of a landslide. 

The impulse response is firstly computed in a static way, using 5 months of data 

of the Pont-Bourquin shallow landslide. It is validated by comparing it to the cross-

correlation function and by computing a linear predictive displacement model. A 

dynamic impulse response is then computed on a short 2-week time window, inter-

preted, and compared with observations of seismic velocity variations to check the 

consistency of the results. The impulse response is then computed dynamically over 

several years using historical but less accurate data, to validate the consistency of 

the observations over several years. Finally, two hypotheses are discussed, to ex-

plain the physical process behind the observations. 

8.38.38.38.3 PontPontPontPont----Bourquin dataBourquin dataBourquin dataBourquin data    

This study is based on data measured at Pont-Bourquin between July 3 and 

December 1, 2017. The displacement data is obtained using the RFID technique 

introduced in chapter 7 (Le Breton et al., 2019), based on the low-drift material 

introduced in chapter 4 (Le Breton et al., 2017a). The displacement rate is the 

displacement derivative, smoothed with a 1-day moving average filter. 

The seismic velocity is obtained using the ambient noise interferometry technique 

presented in chapter 2. To track the changes of seismic velocity, two short-period 

vertical seismic sensors (lower frequency of 4.5 Hz broadened up to 0.1 Hz with an 

analog filter) were installed in January 2012. They were placed on the stable 

grounds around the zone monitored by the RFID installation. They recorded the 

ambient seismic noise continuously at a 250 Hz sampling frequency. This noise was 

processed as described in chapter 2 and (Mainsant et al., 2012b; Bièvre et al., 2018): 

The hourly traces were equalized in frequency on the broad 4–20 Hz band, then 

clipped at 3σ to remove strong noise sources, and finally cross-correlated. After 

computing the correlations, they were filtered in the [8–12 Hz] frequency, and 
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stretched in the time window of [-2.5;-0.5]U[0.5;2.5] seconds. The resulting dv/v 

should be sensitive to depths of 9 m to 20 m that may partly include the active 

part of the landslide where partial liquefaction was observed during the 2010 event. 

See (Mainsant et al., 2012b) for further depth sensitivity kernels of surface Rayleigh 

waves. Each hourly correlation was compared to the average correlation over the 

period. The resulting dv/v was then smoothed with a 2-day centered moving aver-

age filter, to remove the instabilities and the daily variations. 

The precipitations were measured every hour by an automatic meteorological 

station of MétéoSuisse (Col des Mosses), six kilometers away but at the same ele-

vation. For quality indicators, the snow depth and precipitation were measured 

manually by MétéoSuisse operators every morning at 6 a.m., one kilometer away 

from the landslide. Snow on the ground (starting in October) would strongly disturb 

the infiltration process and distort the results. The daily precipitations measured 

close to the landslide were compared to precipitations measured hourly but 6 km 

further away. Their cross-correlation, after daily resampling, had a maximum coef-

ficient of 0.93 with a lag of 0 day, and visually the data was very coherent. The 

differences between the two data were negligible, which validated the use of the 

hourly precipitation data measured at Col des Mosses. 

At the end of the chapter, the impulse response is computed from historical data 

in 2012, 2013 and 2014 (Fig. 8-9). The precipitation data were obtained from a 

meteorological station installed on Pont-Bourquin. This data was compared to the 

hourly manual measurements made by MétéoSuisse and the period with discrepan-

cies between both were removed. Similarly, periods with snow on the ground were 

removed. The displacement data was obtained from a long-range extensometer, and 

therefore biased during rainfall (see Fig. 8-4). The MétéoSuisse data was available 

only after 2015, so we used the precipitations measured from a meteorological sta-

tion installed on the landslide. However, the rainfall collector was regularly ob-

structed, for example by tree leaves, leading to periods with biased data. This 

hourly on-site data was validated against the daily manual measurements operated 

1 km away by MétéoSuisse, to remove any inconsistent data. The displacement 

data was obtained from extensometer measurements, in the same zone as the RFID 

tags. Extensometer data was checked manually to remove artifacts due to snow. 
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Fig. 8-2: Data measured at Pont-Bourquin in 2017: Displacements are from RFID tag n° 10, seismic velocity variations 

are in the 8–10 Hz frequency, precipitation and snow depth are from MétéoSuisse. The periods A and B (blue and red), 

which differ mostly from their seismic velocity, are studied in the section 8.5.1. 

8.48.48.48.4 StationaryStationaryStationaryStationary    responseresponseresponseresponse    

8.4.1 Impulse response computation 

This section studies the stationary relation between rainfall and displacement at 

Pont-Bourquin. A single impulse response is considered during the whole period, 

which is approximated to be stable in time. The precipitation/displacement rate 

curves shown in Fig. 8-2 suggests that this landslide reacts directly to precipitation. 

This relation is firstly studied by cross-correlating the precipitations with the dis-

placement rate of the tag No. 10, between July 3 and October 1. The tag No. 10 

was chosen because it was closer to the station than the other tags, and provided 

more accurate measurements. The cross-correlation curve on Fig. 8-3 shows a peak 

rate approximately 1.2 days after the rainfall, followed by a decrease in the dis-

placement rate until days 5–6, as already observed on this site (Bièvre et al., 2018). 

However, the correlation curve is blurred (by the source autocorrelation) and sug-

gests a reaction of the landslide’s displacement before the start of the precipitations, 



Ph.D. thesis, M. Le Breton  Chapter 8—Impulse response from rainfall to displacement 

 —Confidential until June 2021— 213 

which is physically unrealistic. To improve this curve, an impulse response (IR) 

was deconvolved using the linear Lasso regression (Tibshirani, 1996) implemented 

in the scikit-learn library (Pedregosa et al., 2011), to minimize the following cost 

function: 

  (8-3)

Where 

: IR vector; each �� corresponds to the response after � = 0,1…� hours of 

lag, N=120 here; 

: displacement rate vector; each �� corresponds to the velocity during the 

� = 0,1…� hours of the observation period, 3 months here; 

: precipitation matrix, where each ��,�corresponds to the precipitations meas-

ured � − � hours after the start of the observation period;  

: regularization parameter, to avoid over-fitting and causing the  parame-

ters to tend toward zero. A value of 0.04 was chosen based on preliminary cross-

validation tests. 

To compute the IR with data that have different amplitudes with a unique reg-

ularization parameter, the data can be normalized before the inversion using the 

following transformation: 

   (8-4)

Where  represents the average function,  and  the normalized data, and 

  an arbitrary factor to control the contribution of small-amplitude data (smaller 

a increases the regularization on the low-amplitude data, 0.5 was used in this 

study). After inverting , the original  is retrieved using: 

   (8-5)

This process provided a slight underestimation of the IR amplitude because the 

regularization factor caused the values of  to tend toward zero. For this reason, 

the IR was later corrected by a factor (1.3 in this study) to equalize the measured 

and modeled velocities (the modeled displacement is presented in the next section). 
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 The impulse response (IR), was estimated using data collected from tag No. 10 

between July 3 and October 1, before the first snowfalls. It is expressed as a quan-

tity of displacement (cm) per quantity of rainfall (cm) per time sample (hour). The 

response (Fig. 8-3) appears much sharper than the cross-correlation result, and its 

amplitude has a physical meaning. This IR suggests that the landslide remained 

stable for five hours after rainfall, then accelerated rapidly until it reached a peak 

displacement rate after 18–24 h, and finally returned to a null displacement rate 

after 4.5 days. This pattern might correspond to an initial infiltration in the super-

ficial layers while the landslide remains stable, followed by a pore pressure increase 

and then decrease in the aquifer as the landslide accelerates then decelerates. The 

lag before the peak of displacement rate is consistent with the 20-h delay before the 

elevation of the water table, measured previously in this zone (Brönnimann, 2011). 

Besides, the shape of the IR curve looks like a typical water infiltration process 

(Iverson, 2000). 

The impulse response may depend on the instrument and on the location of the 

measurement. For comparison, the IRs for all tags and for the extensometer are 

shown in Fig. 8-4. The darkest RFID curves correspond to data that is more accu-

rate and less biased. All the tags exhibit a similar IR, with a discrepancy mostly 

due to the noise and to the instrumental bias caused by the rain. In contrast, the 

IR was very different on the extensometer. With this instrument, the IR exhibits a 

positive peak at the same time as the rain event, then a decrease to a null value 

. Impulse response of landslide velocity (cm/day) following precipitation 

(cm/day) estimated by cross-correlation and Lasso regression deconvolution on 

rainfall and displacement data from tag No.10 over the 5-month period. 
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after one day and finally becomes coherent with the RFID curves after two days. 

This pattern is explained by the dominance of the instrumental response affected 

by the rain (=cable bending under rain drops weight). This strong instrumental 

response consequently prevents the extraction of synthetic information from the 

landslide, such as the IR peak velocity, the lag time before it is reached and the 

deceleration rate. 

To conclude, the deconvolution produces response curves that are sharper and 

physically more meaningful than the cross-correlation. However, the measured im-

pulse response includes both the landslide and instrumental response. Its correct 

estimation then requires instruments that are not biased by rainfall, confirming the 

interest of RFID tags compared to long range cable extensometers. 

 

8.4.2 Linear displacement rate model 

This empiric IR method produced a relatively good fit between the measured and 

modeled velocity, for which the advantages and limitations are discussed in (Belle 

et al., 2014; Capparelli and Versace, 2011). This example emphasizes the potential 

of dense and continuous in situ displacement data, as provided by the RFID tech-

nique. As the IR is likely to be heterogeneous across a landslide area, placing mul-

tiple sensors enables the delimitation of these zones and provides a redundancy 

benefit. In this example, continuous data unaffected by rain and fog, with an hourly 

sampling time and sub-centimetric accuracy was also required to compute the IR. 

 

. Impulse response of the displacement rate (cm/day) to precipitations (cm/day) 

deconvolved using a Lasso regression on the velocity measured by all the RFID tags and the 

extensometer. For the RFID, darker lines represent more accurate tags, presenting lower 

noise and a lower sensitivity to rain. 
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Observation of how this response changes over time could provide an additional 

risk indicator, and would require continuous time series covering several months or 

years. RFID is once again compatible with these measurements because of the low 

investment necessary and the reduced maintenance cost. This application therefore 

highlights several advantages of the RFID technique, which will be more fully dis-

cussed in the next section. 

The convolution of the IR with the precipitations can be used to compute a rain-

based velocity model (Belle et al., 2014; Bernardie et al., 2015). Fig. 8-5 shows this 

velocity model over the whole period, using an impulse response computed during 

July, superimposed on the velocity measured. Visually, the model appears con-

sistent with the measurements, except on October 23, when the first snowfall was 

recorded. This coherence is confirmed by the cross-correlation of both curves, which 

displays a maximum coefficient of 0.77 at a zero-hour delay. 

  

The model could be improved by improving the accuracy of the water input. For 

example, the effect of evapotranspiration could be estimated and removed (Bievre 

et al., 2018). Estimating the snow melting (which is a perspective of chapter 5 using 

RFID tags) would allow using this model continuously, even in the presence of 

snow during winter. 

To conclude, this model can predict linear displacements of the landslide from 

the rainfall input, or even from rainfall meteorological predictions. However, it 

would not predict the failures: these are non-linear. The model could serve to com-

pute a probability of failure, based on a threshold value defined by historical rainfall 

. Landslide radial velocity measured from the tag No.10 compared to the model 

obtained by convolving the precipitation with the impulse response computed in July 2017. 
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and failures (Sirangelo and Versace, 1996), using only the rainfall. The most effi-

cient use of such model was to estimate the non-linearity of the behavior, by com-

puting the error of the model compared to the measured velocity (Bernardie et al., 

2015). Such non-linearity indicator might also be obtained directly from the impulse 

response, computed dynamically, which is studied in the next section. 

8.58.58.58.5 Dynamic responseDynamic responseDynamic responseDynamic response    

8.5.1 Two states of the impulse responses 

The response of a landslide to rainfall should evolve along time, for example after 

the formation of cracks or the accumulation of groundwater. An impulse response 

computed over long time windows may average these processes and fail in catching 

the landslide evolution. 

The impulse response is firstly computed over the short period of 23–30 July, for 

the 19 tags installed at Pont-Bourquin. This period, highlighted in red on Fig. 8-2, 

is focused around a peak of displacement rate of 4 cm/day, accompanied by only a 

minor drop of seismic velocity. The corresponding impulse response function (Fig. 

8-6.A) exhibits two peaks of displacement, instead of the single peak previously 

shown when computing the response over several months. A first peak with of about 

0.06 cm/cm/hour occurs after 1 day, and a second smaller peak of 0.03 cm/cm/hour 

occurs after about 2.5 days. These two peaks suggest the existence of two distinct 

processes causing the landslide displacement, which are discussed later. 

The impulse response could evolve along time. The IR computed in the period B 

(Fig. 8-6.B), between August 08–18, has a different shape than in the period A. The 

two peaks are still visible after about 1 day and 2.5 days, but their amplitude has 

switched, with the second peak becoming predominant. The peak amplitude was 

multiplied by ×0.5 on the first peak (0.06 to 0.03 cm/cm/hour), and by ×2.3 on 

the second peak (0.03 to 0.07 cm/cm/hour). Furthermore, its width increased by a 

factor ×3 (from 1 day to 3 days). That suggests a stronger response to rainfall, 

which lasted longer after the rainfall event. This is consistent with the displacement 

rate model based on a static impulse response (Fig. 8-5). In July 3–28, the measured 

displacement rate was always below the model. However, from July 28 to Au-

gust 18, the measured displacement rate started to overpass the model, both in 

amplitude and in decrease time. This response might include a bias from the in-

struments, and particularly from the rotation of the fixation support of the tags 

caused by a loss of rigidity of the top soil layers. However, in July and August, the 
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tags had been installed recently and this rotation was minor, particularly in relation 

to the amplitude peaks of displacement rates of the periods A and B. Furtermore, 

this rotation, which started to be visible in autumn, moved the tags either further 

or closer to the station antenna, so its (minor) effect should be averaged when 

displaying all the tags. Finally, some tags (the n°10 and n°11) were fixed deeper in 

the ground (0.7 m deep) and showed only a few centimeters of rotational move-

ments. So this effect should be minor in the impulse response. In conclusion, the 

shape of the impulse response suggests two hypotheses about the Pont-Bourquin 

landslide: First, rainfall  would cause two peaks of displacement rate, after about 1 

day and 2.5 days. Second, the landslide response to rain would alternate between a 

stable and transient state, corresponding to the periods A and B. 

 

Fig. 8-6: Impulse response computed over the period A and B for all the tags. The gray curves are obtained from noisier 

data than the black curves. Both curves display two peaks, noted as 1 and 2. 

8.5.2 Relation with seismic velocity lags 

Geophysical techniques are used for monitoring landslide properties at depth 

without drilling (Jongmans and Garambois, 2007; Whiteley et al., 2018). Seismic 

ambient noise has been used to observe changes of rigidity loss, by tracking relative 

variations of surface wave velocity (dv/v) (Larose et al., 2015; Mainsant et al., 

2012b). This section compares the variations of seismic velocity with the variations 

of impulse response, to check for potential consistency: a displacement caused by a 
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rigidity loss in the deformed layers should also exhibit a reduction of dv/v , visible 

at frequencies of 10–14 Hz (Mainsant et al., 2015). The dv/v was observed at 8-

12 Hz, following the parameters used by (Bièvre et al., 2018; Carrière, 2016) to 

study the influence of the environment. 

The peaks of displacement rates on Fig. 8-2 correspond visually to negative peaks 

of dv/v. Their cross-correlation over the whole period (not displayed) suggests a 

dv/v lagged by 2.1 days after the displacement, with, however, a weak correlation 

coefficient of 0.35. 

A focus on the periods A and B is displayed on Fig. 8-7. In this period, a drop of 

dv/v appeared 1 to 1.5 days after the diminution of the velocity, by looking either 

at the time when the reduction occurs or at the lag between the respective peaks. 

This suggests that the drop of dv/v at 8-12 Hz appeared after the displacement rate 

increase. This frequency range would be sensitive mostly to depth below 9 m on 

this site, which explains the larger delay of the observed dv/v. To complete this 

analysis of the lag, the dv/v should be studied at different frequencies. In particular, 

higher frequencies should be sensitive to layers that are shallower, in which the 

water should infiltrate with a lower lag. 

When looking at the time series of the period B (Fig. 8-7.a), a change seems to 

occur on August 10, between a state that we will call “stable” and another one that 

we will call “transient.” The change occurs only two days after the first rainfall. At 

this time, the measured displacement rate started to strongly exceed the model 

(calibrated in July 2017). It was twice higher at its peak. At the same time, the 

dv/v started to drop. It continued to decrease for several days, with two minimums, 

respectively 6 days and 9 days after the first rainfall event. The last peak of dv/v 

reached –5%. That is a large drop compared to existing studies that exhibited 

seasonal variations of ±2%, on this site (Larose et al., 2015; Carrière, 2016; Bièvre 

et al., 2018). However these studies computed the dv/v on an hourly basis, while 

this study uses hourly data. 

The existence of two states of the landslide changes the possible interpretation of 

the two IR peaks (at 1 day and 2.5 days). The computation of the IR assumes the 

landslide response to be linear and stable within the studied window. The linearity 

hypothesis seems correct within some time windows, due to the good fit between 

the modeled and measured displacement rates even with different quantities of rain. 

However, the response is clearly not stable in time: the displacement caused by rain 
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was twice higher in the transient state, compared to the stable state. Therefore, an 

impulse response computed from a period that includes both a transient and stable 

state, with also several closely spaced rainfall episodes, could display a secondary 

peak to balance the difference between the two states. Indeed, two minor peaks 

occurred on the model (highlighted in green on Fig. 8-7.b) on August 11 and 12. 

Each of these two peaks occurred one day after the respective rainfall events. That 

is consistent with the impulse response displaying a major peak after one day, in 

the stable state. However, the same peaks are also visible on the measured data, 

suggesting that a major importance of the first peak of IR in the transient state 

could also be possible. More data and more analysis would be required to know if 

the second IR peak comes from a true dual physical process, or from an artifact 

due to the change of state of the landslide. In both cases, the indicator would be 

useful for monitoring landslides: an indicator of a change of state might serve as a 

precursor signal. 
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Fig. 8-7: Displacement rate, seismic velocity variations at 8-12 Hz, and precipitations, during (a) the period A and (b) 

the period B. 

8.5.3 Evolution of the response over time 

To exhibit its evolution in time, the impulse response is computed over a two-

weeks-wide moving window during the whole period of observation, using the data 

from the tag n° 10. The inversion used a regularization factor λ=0.04 and used 

normalized data with equations (8-4) and a factor a=0.5. The IR matrix then was 

smoothed with a 3-days moving average filter on the lag axis (vertical) and with a 

3-days moving median on the time axis (horizontal). The resulting IR matrix is 
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shown on (Fig. 8-8), along with the sum of each IR, the displacement and precipi-

tation data used to compute it, and the seismic velocity variations. The IR dis-

played at a given time is computed from the displacement rate of the two preceding 

weeks and from the rainfall of the three preceding weeks. 

The IR matrix suggests that the landslide response to rainfall can evolve between 

two states S and T (stable and transient), corresponding to the states already stud-

ied in Fig. 8-6. A and B, respectively. The integration of the IR over time (=its 

discrete sum) represents an indicator of the sensitivity of the landslide to rainfall. 

For example, a sum of 5 cm/cm would mean that 1 cm of rainfall would produce a 

cumulated displacement of 5 cm of the landslide. Until August 8, the impulse re-

sponse is dominated by the first peak (lag=1 day), which we call the stable state 

(S). During the stable state, the seismic velocity is just below zero in the beginning, 

then drops to -1.5% after the first strong rainfall event and starts to slowly increase 

back (shown with a red line). This decrease of velocity suggests that the rainfall 

event at the end of July induced a long-term change of state in the subsoil. After 

several days of rainfall and before a full recovery of the seismic velocity, on August 

10, the shape of the impulse response changes to the transient state. It is charac-

terized by a broad IR peak centered at 2–2.5 days, and by a decrease of seismic 

velocity down to –3%. At the beginning of September, the IR returns to the stable 

state: the main IR peak goes back to a 1–day lag, and the dv/v returns to a more 

stable value. This alternation between a stable and transient state was also ob-

served by Bontemps et al. (in preparation), in a landslide triggered by rainfall and 

seismic activity. Starting in October, the impulse response of the landslide is not 

very clear, and then disturbed by the snow, which prevents its exploitation. 

In conclusion, the lag of the IR peak seems to coincide well with the dv/v, with 

a lag at 2 − 2.5 days corresponding to a drop of seismic velocity. However, it is 

unclear whether the IR dual lag is due to a true physical lag, or to a transition 

between two states occurring within the IR time window. Indeed, the equation (8-1) 

assumes the landslide response to be linear and stable within the computation win-

dow. And we have shown that it is not stable, which could bring an artifact such 

as a second peak in the IR, to compensate. In that case, the second peak would 

represent a change of state occurring in the landslide, which could also be a useful 

indicator. 
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Fig. 8-8: Impulse response computed on a 2-weeks moving average, along with the displacement rate and precipitation 

curves. The impulse response change its state from stable (S, dominated by the 1-day peak) to transient (T, dominated 

by a peak at 2–2.5 days) to stable again. Transient state also corresponds to a drop of seismic velocity. 

8.5.4 Stability and robustness across years 

The hypotheses of the previous sections were made from only 5 months of data. 

To further validate these hypotheses, this section extends the study to 2012–2014. 

Observing the two IR peaks and the change between a stable and transient state, 

consistently over the years should strengthen these hypotheses.  
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Fig. 8-9: Treated historical data at Pont-Bourquin between 2012-04-27 and 2014-11-01. (a) Displacement data from the 

extensometer. (b) Rainfall measured every hour from the on-site meteorological station (in red) compared to 

precipitations measured daily by MétéoSuisse (in black). (c) Snow depth, that strongly affect the water inputs and 

prohibits the computation of an accurate impulse response. 

However, the rainfall and displacement data in 2012–2014 were of lower quality 

than in 2017, which required adapting the processing. Relevant data was data firstly 

selected (Fig. 8-2) with the process described in section 8.3 . When snow was pre-

sent on the ground, the data was removed one week before and after (= length of 

the IR) . The bias of the rain on the extensometer measurement (see Fig. 8-4 and 

chapter 7) was smoothed by a 3–day moving average. The impulse response was 

then computed over a 6-week-large moving window, by steps of 6 weeks. The win-

dows with low rainfall and displacement rate were removed. The regularization 

factor λ was increased iteratively, until the resulting IR was null at the lags t=–1 

day and t=+7 days. The IRs with a null value, corresponding to high misfits, were 

removed from the results. The remaining IRs were then normalized by their maxi-

mum amplitudes, to compare the shapes of the IR visually. The resulting IRs are 

shown in Fig. 8-10. 
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Dual IR peaks are exhibited in 6 curves, in 2012 and 2014. These exhibit a first 

peak after around one day, and a second smaller peak after about three days. That 

is consistent with the dual IR peaks previously shown over 5 months in 2017. Again, 

these two peaks could either represent a dual process (two infiltration velocities or 

two deformed layers), or the change of the landslide between two states (the second 

state being more sensitive to rain). 

 
Fig. 8-10: Observation of impulse responses at Pont-Bourquin in 2012, 2013 and 2014, using local rainfall measurement 

and the displacement data from an extensometer. The impulse response may have a first peak at (a) t=1 day or (b) 

t=2 to 2.5 days. The transition from stable to transient state happens in August 2012 and 2014.  
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8.68.68.68.6 Discussion on PontDiscussion on PontDiscussion on PontDiscussion on Pont----Bourquin processesBourquin processesBourquin processesBourquin processes    

The two IR velocity peaks could have two explanations. First, two distinct pro-

cesses could indeed occur in the landslide, with two true lags. Second, an increase 

of sensitivity to water between two consecutive rainfall events could be compen-

sated by an artificially lagged peak in the IR. If that was a true lag, it could be 

explained by the deformation of layers at two depths, or by two infiltration pro-

cesses with a different delay. Bievre et al. (2018a) had proposed the hypothesis of 

two deformed layers after observing the variations of seismic velocities of the Pont-

Bourquin landslide. However, the hypothetical two slipping surfaces had not been 

detected from geophysical surveys nor with an inclinometer (Brönnimann, 2011; 

Mainsant et al., 2012b). 

On the contrary, the hypothesis of a dual infiltration process is supported by a 

hydrogeological study (Brönnimann, 2011) that observed infiltration delays of 1 to 

4 days. The study also suggested that water would both infiltrate directly into the 

soil, and resurge after passing through the bedrock. Furthermore, this study ob-

served the evolution of the two infiltration delays across time, suggesting a change 

of state of the landslide after the accumulation of several rainfall episodes. That is 

consistent with the hypothesis of a water trap where water would accumulate made 

by Brönnimann (2011). 

However, the second IR peak could also be created by a rapid change in the 

landslide response to rainfall between two rainfall events, represented by the sum 

of the IR. In this case, the second peak should instead be considered as an indicator 

that the state of the landslide would be evolving. In both cases, the dominance of 

the second peak would represent a transient state, which could potentially provide 

an early indicator of a landslide instability. 

8.78.78.78.7 ConclusionsConclusionsConclusionsConclusions    

Computing an impulse response with statistical deconvolution of the surface dis-

placement data from rain data provides results that are sharper and more physically 

true than cross-correlating the time series. It also characterizes the landslide com-

plexity with more details than when inverting a simpler analytical impulse response. 

The statistical deconvolution allows for making a linear model of the landslide 

velocity using rainfall data. It seems to work as well as others similar model. The 

larger number of parameters, compared to analytical impulse responses, results in 
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noisier impulse responses. But this noise is averaged when convolving the impulse 

response over a time series of rainfall. 

The impulse response seems to evolve over time. The computation of this response 

over a short time windows provide sharper deconvolved response. At Pont-Bour-

quin, that led to detecting two peaks in the IR, with lags of 1 day and 2.5 days. 

This peaks could correspond eitheir to two physical processes, or could be an arti-

fact created during the inversion that represent the change of state of the landslide. 

The evolution of the impulse response may reveal changes of behaviors of the 

landslide. For example, the increase of the second IR peak in August 2017 happened 

after two strong rain episodes and happened simultaneously to a drop of seismic 

velocity. 

In terms of limits, this approach requires an input (infiltrated water) and an 

output (displacement). It does not work without rain or landslide movement. The 

input of infiltrated water and the output of displacement rates must not be biased, 

and require a time sampling that is below the impulse response length.  

This study could be complemented by further analysis. The variations of the 

impulse response should be compared with the dv/v at different frequencies, to 

deduce the depth at which the phenomenons occur. To this goal, the historical dv/v 

should be recomputed at an hourly resolution, using a processing that doesn’t re-

quire smoothing (see chapter 2). The existence of transient states should be con-

firmed in the historical data, by looking at the misfit between modeled and meas-

ured displacement, and by comparing with the dv/v variations. The results should 

finally be compared with groundwater data which was sometimes measured at 

Pont-Bourquin. As a perspective, the method should be applied on a shallow land-

slide just before its failure: the change of impulse response might provide a precursor 

to failure.
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Perspectives 
Ce travail de thèse offre de nombreuses perspectives, afin 1) d’améliorer les ca-

pacités techniques de la mesure de déplacement RFID ; 2) d’exploiter l’interaction 

de la neige et de la végétation pour améliorer la mesure voire pour développer de 

nouveaux capteurs ; 3) de développer des techniques d’analyse basées sur de larges 

quantités de données telles que fournies par la RFID ; et 4) de profiter des avancées 

techniques de ce travail de thèse pour mieux comprendre l’action de la neige sur les 

glissements de terrain. Ces thématiques sont discutées ci-dessous. 

La technique de mesure de déplacements RFID pourrait être améliorée sur trois 

aspects. Premièrement, l’augmentation de sa portée de 60 m à 100-200 m la rendrait 

applicable sur un grand nombre de glissements de terrain et maximiserait le bénéfice 

du faible coût par tag. Dans ce but, un prototype de tag directif a été testé (portée 

x2, cf. annexes) et pourrait être amélioré en collaboration avec un laboratoire spé-

cialisé en RFID. La portée sera aussi augmentée dans le futur avec l’amélioration 

continue de la sensibilité des lecteurs et de puces RFID commerciales. Deuxième-

ment, mesurer les déplacements et la rotation des tags en 3 dimensions offrirait des 

données plus complètes. La translation 3D pourrait être mesurée en installant plu-

sieurs antennes côté station afin de réaliser une triangulation. La rotation pourrait 

être mesurée en installant plusieurs tags à différentes hauteurs sur le même support 

de fixation afin de mesurer la différence de déplacement entre ces tags. Séparer les 

composantes de rotation et de translation du déplacement améliorerait la précision 

des mesures. La mesure de rotation serait doublement utile sur les glissements de 

terrain rotationnel ou sur les instabilités rocheuses basculantes (écailles), par 

exemple. Ces mesures de rotation et translation 3D ont été validées en environne-

ment contrôlé lors du stage de Guilhem Scheiblin (Février-Juin 2018) et leur test 

sur le glissement de terrain de l’Harmalière est prévu en été 2019. Troisièmement, 

la fiabilité du dispositif de mesure — très convenable pour un premier test de pro-

totype en conditions réelles — doit encore être améliorée avant de l’intégrer dans 

une surveillance opérationnelle. La chaîne d’acquisition doit intégrer une gestion 

d’erreurs, et la consommation électrique doit être diminuée par des cycles de mise 

en veille. Ces travaux d’ingénierie ont été entamés lors du stage d’Axel Pionchon 

(Mai-Sept. 2018) et continuent au sein du laboratoire commun Geo3i Lab (démarré 

en 2019). Ils s’intensifieront après la première vente de prototype par la société 

Géolithe, actuellement en négociation. 
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Les influences de la neige et de la végétation sur les systèmes RIFD pourraient 

être exploitées pour mesurer les propriétés physiques de la neige et de la végétation 

à l’aide d’un réseau de tags. Les mesures de phase, de puissance de signal reçue ou 

de désaccordage des antennes de tag (effets de proximité) pourraient permettre 

d’estimer la permittivité efficace de ces milieux. On pourrait alors en déduire leurs 

propriétés physiques de densité, de contenu en eau liquide ou de salinité. La mesure 

de densité et de teneur en eau de la végétation pourrait être utile pour l’agriculture 

de précision. Dans le cas de la neige, ces mesures locales pourraient servir à mieux 

estimer les risques d’avalanche ou le volume d’eau de fonte qui approvisionne les 

systèmes hydro-électriques. L’étude des mesures RFID de neige a commencé au 

cours de la thèse de Guilhem Scheiblin démarrée en septembre 2018. Réciproque-

ment, une bonne connaissance de l’interaction entre le signal radio et ces milieux 

(neige, végétation) permettrait d’effectuer des corrections de phase pour augmenter 

la précision des mesures de déformation. 

La combinaison de plusieurs types de mesure rend la surveillance de glissements 

de terrain plus fiable. L’analyse de la relation entre précipitations et déplacements 

semble prometteuse, mais inefficace en cas de présence d’un manteau neigeux qui 

perturbe l’infiltration. Comme de nombreux glissements sont provoqués par la fonte 

de la neige, quantifier cette fonte en ajoutant des tags RFID dédiés à cette mesure 

améliorerait considérablement la surveillance pour un coût négligeable. Le même 

constat peut être réalisé avec des capteurs d’humidité de sol. De nombreux tags 

génèreraient une grande quantité de données ce qui pourrait nécessiter de nouvelles 

méthodes de traitement et d’analyse. Enfin, la mesure complémentaire des varia-

tions de vitesse sismique pourrait améliorer la fiabilité d’une surveillance sur les 

glissements argileux. Ce travail de thèse a identifié plusieurs verrous à son applica-

tion en surveillance opérationnelle, qui devront être levés. 

Enfin, les travaux effectués dans la thèse offrent une opportunité d’une théma-

tique de recherche visant à mieux étudier l’interaction entre la neige et les glisse-

ments de terrain. En effet, la fonte de la neige est un déclencheur majeur de glisse-

ments de terrains montagneux (ex. accélération de Pont-Bourqin autour du 1er jan-

vier 2018), qui est paradoxalement peu étudié à cause des difficultés techniques à 

opérer les mesures adéquates (Matsuura et al., 2017). Les mesures nécessaires in-

cluent le volume équivalent liquide de la neige (dont la variation permet d’estimer 

précisément la fonte), et aux mesures de déplacement et d’activité du glissement 

en présence de neige. Or la méthode RFID et l’interférométrie de bruit sismique 
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fonctionnent toutes deux en présence d’un couvert neigeux. Il semblerait d'ailleurs 

que la hauteur et la fonte de la neige aient un impact sur la variation de vitesse 

sismique (Wang et al., 2017) (annexes 4), qui reste à comprendre. De plus, déve-

lopper des capteurs de neige RFID permettrait de caractériser la fonte avec une 

haute résolution spatiotemporelle et à faible coût. Ces mesures permettraient d’uti-

liser la méthode de réponse impulsionnelle fonte –> déplacement, en présence d’un 

manteau neigeux, et aiderait à mieux comprendre la dynamique de l’effet de la 

neige au cours du temps. Si j’avais à proposer un projet de recherche à moyen/long 

terme, il aurait sans doute cet objectif de mieux comprendre l'action de la neige sur 

les glissements de terrain.
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Appendix 1  

Monitoring Pas de l’Ours using total stations 
The following conference paper presents an implementation of a standard monitoring technique (laser total 

station) on a real early-warning system, operated by the company Géolithe. Defortis, Simon, Mathieu Le 

Breton, Quentin Barbier, Lucas Meignan, Fabrice Guyoton, Romain Le Roux-Mallouf, Jean-Marc Verdier, 

Gilles Delabelle, and Romain Gaucher. “Automatic Monitoring of Landslide Displacements Using Total Sta-

tion.” In Proc. Int. Symp. Rock Slope Stability (RSS), 121–22. Chambéry: C2ROP, 2018. 

https://www.c2rop.fr/symposium-rss-2018/actes/. 
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The inverse velocity technique was used on this landslide, which allowed to suc-
cessfully close the road that was threatened by the landslide two days before a 
dangerous mudflow (first red cross on Figure A-1) 

 

Figure A-1: (top) Inverse velocity at Pas de l’ours landslide and (bottom) zoom. Dashed red lines indicate the regression 

of the inverse velocity, with a prediction of failure. Red crosses indicate true failures that occurred in another part of the 

landslide. 
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Appendix 2 Interferences from the ground 
This section present the interferences from the ground, due to a coupling with 

the ground at a low elevation of the tag above the ground, and due to multipath 

interferences in a near-flat and strong-relief terrain. Even if not studied specifically 

for RFID, the outdoor multipath problem has been already dealt widely for tele-

communications in general, and RFID studies indoor had to deal with even stronger 

interferences. Still, this work highlights the practical interference problems due to 

terrain relief, and validate the ray model for understanding ground interferences. 

The RFID interrogator (SR420 from Impinj) was emitting at 865.7 MHz. The 

tags were battery-assisted (Tagsys high gain prototype tag with a slot antenna). 

The station antennas were Yagi-Uda directive antenna (13 elements), except for 

the 80-meters signal strength profile that used a panel antenna (Kathrein 21 dBi). 

The model used the ray approximation presented in the snow chapter, with one 

direct path and 1 or 2 ground-reflected path. When the ground is not flat, interfer-

ence patterns can become complex, such as shown on Figure A-4. The impact of 

the relief was studied at the Vence pass on 22 September 2017.  

 

Figure A-2: Numerical 3D model of the Col de Vence field, computed with photogrammetric technique. 

Each effect is modeled using a simple model propagating into an isotropic dielec-

tric medium, and reflecting on the ground. The propagation with snow and vege-

tation use one ray that propagates directly to the tag and one ray that is reflected 

on the ground. The propagation with a complex relief required to use three rays, 

for direct propagation, reflexion on the ground near the tag and reflexion in the 
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middle of the pass (the reflected path of the ground near the station is neglected 

because of the directivity of the station antenna, and was not necessary to explain 

the measurements). 

 

Figure A-3: Model with 3 rays used at Vence pass, to explain the measurements. 

   

Figure A-4: Modeled and measured multipath interferences on a terrain with a complex topography. (left) the measured 

signal strength fits rather well with the 3-rays model, validating the model for qualitative understanding.  

The interferences from multipathing when moving a tag vertically are however 

very visible in the context of a complex topography (Figure A-5), with the signal 

strength varying of at least +/- 12 dB (the lower limit is not measured so the total 

loss is likely to be stronger). This shows that under a complex topography, the 

received signal strength and the ability to read a tag strongly dependent on the 

height of the tag above ground level. 
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Figure A-5: Multipath interference with a complex topography, depending on the tag height 

The interferences due to complex topography induce a succession of positive and 

negative peak of signal strenght (more than 12 dB). That is challenging when there 

is little margin for additional path loss, which is often the case in passive RFID (for 

example when using large range, small tags with small effective gain, or linear 

depolarization). This effect is even stronger indoors, and has been widely addressed. 

Because this effect happens at specific location, it is resolved by moving the tag, 

the station antenna or even the nearby reflectors. Installing multiple antennas may 

also greatly increase the chance to be read.  
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Appendix 3 Increasing the reading range 
This appendix shows the work done towards improving the reading range, with 

a high gain tag. Increasing the range is a key to an effective displacement monitor-

ing system.  

1. Options to increase the range 

 
Figure A-6: Diagram of path loss. Modified from (Andia-Vera, 2017) 

In part III of this manuscript, the reading range appeared as a critical step to 

increase the value of the RFID technique on a landslide and in general on outdoor 

applications. There are several ways to improve this range: 

a) Increase the station antenna gain: However that is limited by the 
legislation. Furthermore, that means using large and heavy antennas 
which are complicated to install on a slope, and that also reduce the ap-
erture of the antenna and therefore the coverage area. It is not a good 
solution. 

b) Increase the transmitted power: However, commercial readers rarely 
transmit above 30 or 33 dBm for legal reasons. Furthermore, increasing 
the transmitted power would increase the power consumption of the 
reader, which is also a limiting factor on remote installations. It is not a 
good solution. 

c) Increase the chip sensitivity: This was already done by using battery-
assisted tags, which resulted in being limited by the reader sensitivity in 
the present study. Microelectronic research is constantly increasing micro-
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circuits sensitivity (Amato et al., 2018; Durgin, 2016), but these are pro-
totypes. Sensitivity is slowly increasing with new generations of robust 
and low-cost commercial chips. We have to wait. 

d) Increasing the reader sensitivity: That increase with new generations 
of readers available on the market. There is not much we can do here. 
Particularly, we need robust readers, and research prototype would hardly 
fit the necessity for continuous acquisition in severe conditions outdoors. 
We have to wait. 

e) Using a bistatic reader: Using a bistatic reader (with separated recep-
tion and emission antennas) increase this sensitivity. However after dis-
cussions with the provider of the FX9500, it appeared in the test that the 
reader could not read the phase, later confirmed by high-level technical 
support. A bistatic reader could also differentiate the emitting antenna 
(normal gain) from the reception antenna (high gain) to read high-sensi-
tivity tags, such as in (Amato et al., 2018). 

f) Increasing the tag gain: Tags are usually designed to be read in what-
ever directions, so tags on the markets tend to be small, low-cost, and 
omnidirectional. Increasing the tag gain would require to use a directive 
antenna, which would increase the tag size and cost and restrict the tag 
orientation compared to commercial tags. This would require to design a 
directive antenna such as in (Kim and Yeo, 2012; Zuffanelli et al., 2016), 
well-tuned with a high-sensitivity microcircuit and a protection for out-
door usage (against snow, rain, insects). The risk is the increase in weight 
and in windload that would require better tag fixations. The tag high 
directivity would also reduce slightly the ground multipath, therefore in-
crease the ranging accuracy.  

Developing long-range directive tags appears as the only feasible option for in-

creasing the range further. These tags would cost more in terms of fabrication (be-

cause of small volumes) and maintenance (to keep the right orientation towards 

the station antenna), but still 10 to 100 times less than conventional active tech-

niques. 

2. Improving the range with more efficient tags 

Most of the RFID experiments presented in this thesis use the Survivor B tag, 

from Confidex. This tag has a high chip sensitivity due to its battery assistance, 

includes a useful temperature sensor and has a hard casing well designed for harsh 

outdoor usage. However, its datasheet was not excellent, and we had not charac-

terized it in proper condition (ex. anechoic chamber). 
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The sensitivity of this tag (antenna+chip) was tested by the company Mojix (Fig-

ure A-7.a). That measured a tag sensitivity of –24 dBm. That is 4 dB below the 

chip sensitivity announced to –28 dBm by the chip constructor (EM 4325 Spec., 

2015), suggesting an effective gain of the antenna of –4 dB. In free space, within 

the regulation limits of the emitted power, and with a sufficiently sensitive reader, 

that would correspond to a reading range of about 23 m. That is much lower to the 

reading range of 60 m announced by the constructor in the same conditions (Con-

fidex, 2014). Using a more efficient tag, with a higher effective gain, should increase 

the range. 

 

 
Figure A-7: Test of the Survivor B tag sensitivity depending on the frequency, made by Mojix Company. (top) the 

maximum reading sensitivity of the tag was −24 dBm,  leading to (bottom) a theoretical maximum reading range in 

free space of 23 m. 

A prototype tag was provided by Tagsys (now Mojix), based on the same chip but 

a different antenna assembly (Figure A-8). Several tests were made on this tag, 

suggesting a reading range four times higher than the survivor B tag, but in a flat 
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area. A reading range test was then operated on the Pont-Bourquin landslide, to 

see the reading limits in real conditions. 

Les tests du tag Tagsys sur le site de Pont-Bourquin montrent une augmentation 

importante de la portée (Figure A-9). La portée latérale est principalement limitée 

par la forte directivité de l’antenne de la station. La portée dans le sens du glisse-

ment est limitée par la topographie du glissement: une forte rupture de pente, in-

diquée en bleu, bloque le trajet direct. Le gain de portée significatif du prototype 

de tag Tagsys encourage à développer dans le futur un tag à fort gain, et adapté 

aux conditions extérieures. 
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Figure A-8: (left) Survivor B tag, a metal-mount tag with a patch antenna, and (right) a prototype of tag with a higher 

gain provided by Mojix, using a slot antenna coupled with a magnetic loop. 

 

Figure A-9: Portée réelle sur le site de Pont-Bourquin. En rouge, la zone de lecture des tags survivors. En noir, les 

limites de lecture du tag Tagsys fente. La portée de tag Tagsys est limitée par une forte rupture de pente qui bloque la 

ligne de vue indiquée en bleu, et par une pente qui remonte vers la zone stable et la forêt, indiquée en vert 

Appendix 4  

Pont-Bourquin data 
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This appendix, created for the PhD oral defense, presents a synthetic view of the 

historic available data on Pont-Bourquin (Figure A-10). A specific focus on snow 

and seismic velocity variations show that snowpack formation and snow melting 

often happen simultaneously to drops of apparent seismic velocity. This suggests 

that the yearly correlation between temperature and seismic velocity spotted by 

(Bièvre et al., 2018) might be indeed caused by snow instead of air temperature, 

with lower velocity during the cold season due to snowpack formation and melting. 

This hypothesis would require further studies to confirm. 

 

 

Figure A-10: Meterological data (temperature, precipitation and snow depth) measured near Pont-Bourqin 

landslide (partly by MeteoSuisse), along with indicators of the landslide activity: seismic velocity variations 

computed from cross-correlations filtered at 8–14 Hz, and landslide displacement rates in the middle of the 

landslide, measured by an extensometer and an RFID tag. 
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Figure A-11: Comparison of snow depth with variations of apparent seismic velocity (dv/v) after filtering the frequency 

of the GF at 8–12 Hz. Snowfall and melting events are in red and blue, respectively. These events happen 

simultaneously as dv/v drops multiple times, suggesting a potential influence of snow on seismic velocity.
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Glossary 
Abreviations 

CC Correlation Coefficient. 

CCF Cross-Correlation Function. 

EPC Gen2 Electronic Product Code. Standard communication protocol for RFID. 

ETSI European Telecommunication Standard Institute. 

ETSI EN 302-208 Norm defining open frequency bands usable by RFID. 

FD-Phase Frequency-Domain Phase difference of arrival. Absolute ranging. 

GB-SAR Ground-Based Synthetic Aperture Radar. Remote displacement sensing. 

GF Green Function. 

GNSS Global Navigation Satellite System (see GPS). 

GPS Global Positionning System. 

H/V Geophysical method. Ratio of horizontal over vertical wave frequency. 

HF High Frequency (3−30 MHz). 

IR Impulse Response of a landslide displacement to rainfall (m/m/hour) 

InSAR Inverse Synthetic Aperture Radar. 

LIDAR Distance measurement with a pulsed laser light, often used as a scanner. 

LF Low Frequency (30−300 kHz). 

PIT Passive Integrated Transponder. Another name for RFID tag. 

PTFE Polytetrafluoroethylene, commonly called Teflon©. 

Radar Radio Detection And Ranging. 

RH Relative Humidity of the air (%). Partial over saturation vapor pressure. 

RF Radio-Frequency (20 Hz−300 GHz). 

RFID Radio-Frequency Identification. 

RMSE Root Mean Square Error. 

RSSI Received Signal Strength Indicator. Signal power received by the reader (dBm). 

SDK Software Development Kit. 

SVD Single Value Decomposition. 

SNR Signal to Noise Ratio (unitless). 

S Stable state. 



Ph.D. thesis, M. Le Breton  Glossary 

 —Confidential until June 2021— 268 

T Transient state. 

TD-Phase Time Domain Phase difference of arrival. Relative ranging technique. 

ToF Time of Flight ranging technique. 

UAV Unmanned Aerial Vehicle, also called “drone”. 

UHF Ultra-High Frequency (300 MHz−3 GHz). 

X-Pol Two antennas assembled together polarized at +45°/−45°. 

1D-3D Translational displacements in space. 

Brewster angle Incident angle at an interface, at which the reflexion coefficient is null. 

Yagi-Uda A type of directive array antenna. 

 

Letters and operators 

α  Attenuation factor of an electromagnetic wave (rad/m); or 

 Empiric noise coefficient (chapter 7). 

β   Velocity factor of an electromagnetic wave (rad/m, in chapter 5); or 

 Inversion parameter (days, in chapter 2); or 

 Inversed impulse response parameters (m/m/hour, in chapter 8). 

δ   Small variation; or 

 Dirac function. 

ε   Relative dielectric permittivity (unitless) compared to vacuum 0ε . 

θ  Volume ratio of a material (unitless). 

λ  Wavelength (m); or 

 Regularization term of a regression (unitless). 

µ  Relative magnetic permeability (=1 here) compared to vacuum 0µ . 

ρ  Density of a material (103×kg/m3); or 

 Equivalent density of this material in a mixing of multiple materials. 

σ   Electrical conductivity (S/m); or 

 Standard deviation (chapter 7) 

τ   Lag time (hours). 

,φ ϕ   Phase (rad). 
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ω   Pulsation (rad/s). 

a   Arbitrary factor (no unit) 

A   Amplitude coefficient. 

c   Light velocity in vacuum (≈ 2,998 × 108 m/s). 

C   Constant, eliminated in a calculus. 

d   Displacement between two points (m). 

dv/v Variation of apparent relative velocity of a radio or seismic wave (%) 

e   Water vapor pressure (hPa). 

E  Electric field (Volt / m) 

f  Carrier frequency of radio waves (MHz); or 

 Seismic signal frequency (Hz). 

G   Gain of an antenna in a direction (unitless). 

h  Transfer function in the time domain; Height above ground (m). 

i   Angle of incidence of a ray (rad). Zero = Perpendicular; or 

 Indice for any variable. 

'i   Angle compared to the direction of maximal radiation (rad). 

j  Imaginary number; or 

 Indice for any variable. 

J   Cost function, minimized in an inversion. 

L  Power loss due to linear attenuation (dB/m); or 

 Tag modulation efficiency (dB) 

n   Ratio of wave velocity between two mediums (unitless); or 

 Indice for discrete time series. 

P Power (in dB, dBm or Watt); or 

 Atmospheric pressure (Pa, in chapter 4.4.4). 

r   Radial distance between two points, in spherical coordinates (m). 

 
H V

R R  Reflexion coefficient, at a horizontal or vertical polarization. 

2R  Normalized residual of a regression (unitless). 

,S s  Signal waveform. 
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t  Time (second, hour or day). 

T  Temperature (°C); or 

 Period (m-1, in chapter 2). 

 
H V

T T   Transmission coefficient, at a horizontal or vertical polarization. 

v   Velocity of an electromagnetic or seismical wave (m/s); or 

 Displacement rate of a lanslide (m/s). 

V   Voltage (Volts); or 

 Volume of a material (m3). 

x   Horizontal distance between a tag and a station antenna (m); or 

 Input of rainfall time series (cm/day). 

y   Output of displacement time series (cm/day). 

Z   Impedance (Ohm). Ratio of tension/current, or electric/magnetic field. 

'  and ''   In-Phase and Quadrature (= Real and Imaginary) terms of , ,ε σ µ . 

  Average function. 

∗   Convolution operator. 

⊻  Cross-correlation operator. 

Organization, companies and products 

ISTerre, UGA, ANRT, ANR, CNRS, IEEE, ETSI, VOR, EGU, RSS. 

Géolithe, Myotis, Mojix, Tagsys, Time Domain, Confidex, Impinj, Kathrein. 

ASM WS17KT, Campbell CR1000, EM4325, Confidex Survivor B, RECCO, SEN-

TINEL, Octane SDK Java, Impinj SR420, Impinj Threshold, RG58, PhaseTrack 

LS240, PT240, Kathrein 80010643, Riegl VZ 400, Leica TCR805, Davis Vantage 

Pro 2.

 

 

 

 


